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Preface 



It is my pleasure to present the "fundamentals" version of Atlas of Virtual 
Colonoscopy, which was first published in 2003 in two parts. The first, which is 
reprinted here, consists of nine expertly authored chapters that serve as an edu- 
cational module and reference for a rapid review of critical areas of study. Sci- 
entific advances in research, particularly the publication of clinical trials and the 
gradual acceptance of virtual colonoscopy in nonresearch settings, have created 
a demand for this information. Yet only limited educational venues are available 
for those seeking courses, tutorials, and published study material. The atlas from 
which these chapters are derived, remains the only text of its kind on the topic, 
and in spite of advances since initial publication, its content remains largely up 
to date and relevant. This is due in part to several factors. The original text was 
updated shortly prior to submission, and Springer did an outstanding production 
job of publishing the book quickly. The authorship of the atlas is broad based, 
with top international researchers in the field as contributors. Because the book 
is written by individuals involved in cutting-edge research, it includes informa- 
tion that has only subsequently appeared in the peer-reviewed literature. For ex- 
ample, computer-aided diagnosis is well covered in the atlas, even though com- 
mercialization of this software is not expected until next year. Thus, several topics 
are ahead of their time, thus keeping the contents relevant. 

The nine chapters reprinted here represent the contribution of 16 experts in the 
field, and their subject matter helps readers understand current discussions about 
CT colonography. For instance, the chapter on accuracy is a useful reference 
when evaluating the recent publication of several clinical trials, particularly the 
screening trial by P.J. Pickhardt and coworkers, which stimulated strong interest 
in CTC by the general radiology community and the public. Some advances in 
CTC examination technique with automated insufflation, stool tagging, and elec- 
tronic subtraction are also discussed in the book and have progressed further since 
then. Volume CT scanners capable of scanning 40 to 64 slices in one second are 
now available. Additional anticipated developments, including the commercial- 
ization of computer-aided detection of polyps and advances in CTC reading soft- 
ware promise to make CTC more accurate and easier to interpret in the near fu- 
ture. Insurance companies are gradually considering reimbursement, and CPT 



codes for virtual colonoscopy now exist. There is always a discrepancy between 
the examination performance and interpretation methods used in the peer-reviewed 
literature versus those that result when the exam is performed with state-of-the- 
art equipment and training. I anticipate that well-trained radiologists will outper- 
form the accuracy reported in many clinical trials. This is in contrast to the nor- 
mative assumption that experts in a research setting may achieve a higher 
sensitivity and positive predictive value in comparison to a busy clinical practice. 
I am confident that continued strides will be made in the immediate future to pro- 
mote this technology in the marketplace and to improve the compliance of the 
public with colon cancer screening recommendations. 

The gastroenterology community has largely accepted the fact that virtual 
colonoscopy, if interpreted by an experienced radiologist, is the best alternative 
to optical colonoscopy and can be used for patients who have an incomplete op- 
tical colonoscopy, usually on the same day. Many experts opine that screening 
virtual colonoscopy for average-risk patients will free-up a busy colonoscopy 
schedule to do more high-risk patients who are more likely to have an abnormal 
exam. Some gastroenterologists are even trying to learn how to interpret virtual 
colonoscopy themselves, leaving the extracolonic findings to the radiologist. I 
think that the emerging data on flat lesions in particular, covered by Dr. Jeff Fi- 
dler in Part II of the original atlas, underscore the importance of a careful 2D in- 
terpretation of images, even if a primary 3D read is used to search for polyps. 
This is one of many reasons why I believe that virtual colonoscopy should be the 
domain of the radiologist. Both radiologists and nonradiologists will find this "fun- 
damentals" version an excellent way to learn about the issues and controversies. 

Lastly, I would like to thank all the contributors, researchers, support staff and 
publication personnel who helped advance this technology and who contributed 
to the original version of the atlas as listed in the foreword. In the preparation of 
Part I of the atlas reprinted in the "fundamentals," I thank Marc Levine, MD, for 
reviewing the manuscript. I thank my publisher, Rob Albano and his staff at 
Springer, who worked with me on this project from concept to completion. Lastly 
and most dearly, I thank my wife Yisraela, our daughter Eliana, and my children 
Toby, Yitzchak, and Laya and to my wife's children Rachel, Shlomie and Yoni 
Marshall, for giving me the time and support needed to complete this task. The 
dedication page of the atlas as reprinted shows a dedication to my family and in 
memory of my father Albert Dachman, zl' . However, my mother Esther Debo- 
rah Dachman, zl', recently passed away and I rededicate this issue in her mem- 
ory as well. 

I hope that this issue of the atlas is as well received as was the initial version. 
I hope the audience of radiologists, gastroenterologists, practitioners, researchers, 
and residents find this atlas a valuable addition to the literature and enjoyable to 

Chicago, Illinois Abraham H. Dachman, MD 
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Virtual Colonoscopy: The Inside Story 

David J. Vining 



My inspiration for developing virtual colonoscopy (VC) was born of the mar- 
riage of two very different technologies — each significant in its own right but 
never before brought together. As a Winthrop fellow in Body Imaging/3D Imag- 
ing research at the Johns Hopkins Hospital from 1992 to 1993, 1 was exposed to 
many new and exciting technologies, including the introduction of spiral com- 
puted tomography (CT) scanning and the latest in virtual reality (VR) computer 
processing. It occurred to me early on that the computer technology I used to op- 
erate a flight simulator game on my home computer might also allow me to nav- 
igate the volume of data provided by spiral CT. In other words, combining these 
two technologies would enable me literally to travel inside the human body. 

It was not until July 1993 that I began serious research into the development 
of VC. In my pursuit of an academic career, I interviewed with over half a dozen 
institutions, sharing with each department chairman my crazy idea to "fly inside 
the bowels." Only one individual took me seriously, however — C. Douglas May- 
nard, MD, Chairman of Radiology at the Bowman Gray School of Medicine of 
Wake Forest University. 

When confronted with my request for expensive computer equipment, Dr. 
Maynard responded "No problem. Tell me what you need." I asked Dr. May- 
nard, "How about $25,000 to start?" and he quipped, "No problem!" I countered 
with "$50,000?" and "$75,000?" only to hear "No problem!" each time. Finally, 
I challenged him with "How about $250,000?" to which he said calmly, "That 
might be a problem, but I'll work on getting it for you." 

When I arrived at Bowman Gray in summer 1993, Dr. Maynard had over 
$100,000 of equipment and software waiting for me in a dedicated research lab- 
oratory. He told me to "Go to work and do good things." Eventually, Dr. May- 
nard' s original investment led to more than $5 million in research funding and 
more than a dozen US patents. His vision, generosity, and support made it pos- 
sible for me to create and develop an entirely new segment of the health-care in- 
dustry, now widely recognized as virtual endoscopy. 

The essence of VC is simply to cleanse a patient's bowels, distend the colon 
with gas, scan the abdomen and pelvis with spiral CT, and use computers to con- 
struct a 3D virtual environment of the colon. The system allows a radiologist to 
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fly through the colon to look for polyps and masses. One of my brave radiology 
colleagues, David Gelfand, MD, volunteered for the first "virtual colonoscopy" 
examination in September 1993. Dr. Gelfand underwent a standard bowel cleans- 
ing regimen and allowed me to insert a barium enema catheter into his rectum 
and insufflate his colon with room air using a hand-bulb insufflator. The spiral 
CT scan was performed on a General Electric HiSpeed Advantage Helical scan- 
ner that took approximately 50 seconds to complete with 5-mm collimation at 
2:1 pitch. 

The overall computer processing time required to generate the first VC fly- 
through took more than 8 hours to complete using a Silicon Graphics Crimson 
computer and Explorer software. Since then, there have been substantial im- 
provements in several key technologies — a multislice helical CT scan now takes 
about 15 seconds to cover the abdomen and pelvis, and image analysis can be 
completed in approximately 10 minutes. However, in the early days there were 
many challenges such as the absence of the DICOM image standard required for 
proprietary CT images to be extracted from the scanner and transferred to the 
Silicon Graphics computer during a pain-staking operation. The computational 
power required to process the 250 Mb of CT data (500 images reconstructed at 
1-mm intervals) was substantial for that time, so the data had to be divided into 
"colon segments" to perform segmental fly-throughs. Thankfully, technology has 
advanced a long way since then! 

In February 1994, Dr. Gelfand and I presented the first VC fly-through video 
accompanied by the sounds of Wagner's "Ride of the Valkyries" at the annual 
meeting of the Society of Gastrointestinal Radiologists held in Maui. Needless 
to say, the audience was left with a lasting impression. 

The next public VC presentation occurred at the National Cancer Institute's 
International Workshop on Colorectal Cancer Screening held in Bethesa, Md, in 
June 1994. This 3-day multidisiplinary conference covered all aspects of col- 
orectal cancer research, prevention, diagnosis, and treatment. The gastroenterol- 
ogists in attendance were having a great time bashing the radiologists' defense 
of the barium enema. When I introduced the VC concept at that meeting, I be- 
gan my presentation with, "It's the bottom of the 9th inning, score is 3 to 0 in 
favor of the gastroenterologists, bases are loaded, and a new radiologist is up to 
bat." It was clear that the gastroenterology community, after seeing VC in ac- 
tion, realized that a new radiological procedure could impact the future of their 
practice. 

Grants awarded from the North Carolina Baptist Hospital in 1993 and by the 
National Science Foundation in 1995 supported my continuing research in the 
field. Since those early days, researchers at Wake Forest University, as well as 
from around the world, have pursued improvements to the VC procedure, in- 
cluding the use of volume rendering, stool opacification and subtraction, elec- 
tronic carbon dioxide insufflators, and computer-assisted diagnosis (CAD) of 
colon polyps. However, most practitioners of VC today agree that 2D review of 
CT images at a workstation is sufficient for lesion detection and that 3D imag- 
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ing can be reserved for problem solving (e.g., determining if a suspicious find- 
ing represents a true polyp or merely a complex haustral fold). 

The first commercial VC product to appear on the market was General Elec- 
tric' s Navigator, introduced at the Radiological Society of North America's an- 
nual meeting in November 1995. Today, more than 20 virtual endoscopy prod- 
ucts are available. 



Future Developments 

Future challenges for VC are not necessarily technical in nature but related more 
to economics and public policy. Acceptance, pricing, reimbursement, and com- 
peting technologies are all major hurdles to be overcome. The public is enam- 
ored by this new VC procedure, but the medical community and public policy 
groups are more cautious with their support — convincing evidence from large- 
scale clinical trials comparing VC to conventional colonoscopy will be neces- 
sary to sway these groups in favor of VC. Affordable pricing for the VC proce- 
dure, especially to make it competitive against other available colon screening 
methods, will require consensus among radiology practices. Finally, it is impor- 
tant to recognize the fact that evolving technologies, such as stool screening for 
DNA markers, could also impact the value of VC as a screening tool. Never- 
theless, VC is poised today to make an important contribution in the fight against 
colorectal cancer, the second-leading cancer killer in America. 
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Background and Significance 



Colorectal cancer is the second leading cause of cancer deaths. The mortality 
from this disease has improved slightly as a result of several factors, including 
earlier diagnosis, progress in therapeutic interventions, and, possibly, prevention. 
However, the impact has not been dramatic. The primary explanation is that our 
advances in knowledge and technology have not been implemented on a pro- 
grammatic population basis. This deficiency has resulted from slow and insuffi- 
cient dissemination of information to health-care professionals and the public, 
which has produced a relative lack of recognition and interest in this area. How- 
ever, in the last decade there have been several developments that have catalyzed 
resurgence in awareness and action in understanding the potential benefit of col- 
orectal cancer screening. 



Historical Perspective on Colon Cancer Screening 

In the mid-1970s, the concept of the adenoma-carcinoma sequence became pop- 
ularized, primarily as a result of the research of Basil Morson (Day and Morson 
1978). The basic principle is that there is an orderly and temporally consistent 
cytohistological and morphological progression from normal mucosa to advanced 
carcinoma. The initial lesion is the benign adenoma, which takes the form of a 
discrete mucosal elevation or polyp. Whereas small adenomatous polyps are com- 
mon, with their prevalence increasing with age, a small percentage increase in 
size, resulting in histological alterations manifested by increased villous compo- 
nents and/or cytological deterioration described in degrees of cellular atypia or 
dysplasia. The critical size threshold was determined to be 1 cm because the fre- 
quency of more advanced changes in lesions above this size markedly increased. 
Further, there was a direct correlation between growth and the probability that 
the neoplasm contained malignant foci. This theory could not be directly proven 
and the evidence was circumstantial but the argument was convincing. The sup- 
port came from several observations including the failure to identify small (<5 
mm) pure carcinomas, as well as the combination of benign and malignant ele- 
ments in adenomatous polyps with the frequency of associated cancer being size 



related. Two other key corollaries to the adenoma-carcinoma sequence are that 
most colorectal cancers are derived through this pathway and that the time re- 
quired for such progression is universally slow, on the order of 10 years or longer. 
The former was based upon the rarity of small carcinomas without benign com- 
ponents and the latter was extrapolated from demographic data where the age 
prevalence for carcinoma rises significantly approximately 10 years after the ad- 
enoma prevalence rate sharply increases. This model of colorectal carcinogene- 
sis became generally accepted in the scientific community. Coincident with the 
dominance of this doctrine was the development of improved techniques for the 
detection and removal of adenomatous polyps. Reports on the high accuracy of 
the double-contrast barium enema in diagnosing colorectal polyps, in particular 
significant lesions larger than 1 cm were published (Glick 2000). Further, fiberop- 
tic colonoscopy was shown to be sensitive for the identification of most polyps 
and proven to be a relatively safe procedure for the performance of polypectomy. 
However, these modalities were being utilized almost exclusively in symptomatic 
individuals whereby polyps were found and removed incidentally in the course 
of investigation for move advanced disease. Unfortunately, benign adenomas 
rarely cause symptoms. Given the level of consensus regarding the adenoma- 
carcinoma sequence, it would be intuitive to assume that, in theory, the removal 
of all adenomas in a timely manner should effectively prevent colorectal cancer 
and eliminate death from this disease. Nevertheless, there were no concentrated 
efforts to promote any form of screening in the asymptomatic population. This 
was related to lack of sufficient information on the epidemiology of the disease 
as well as prevailing issues pertaining to requisites for screening recommendations. 
Existing screening proposals were predominantly centered on the detection of 
cancer, not polyps. Further, it was in general believed that most cancers (over 
75%) arose in the distal colon within reach of the sigmoidoscope. Initially, screen- 
ing consisted of a digital rectal examination and, possibly, a rigid sigmoidoscopy 
or stool testing for occult blood. Even the latter was performed inappropriately, 
being performed at the time of rectal examination rather than the current more 
systematic and rigorous process. With the addition of flexible sigmoidoscopy, 
the focus was predominantly on the left side of the colon. However, over the 
next 15 to 20 years a number of studies indicated that colorectal cancers (and 
adenomas) were more uniformly distributed throughout the colon. Even these 
relatively limited screening strategies were not widely adopted. A lack of ap- 
preciation and acceptance of the magnitude of an individual's risk and lack of 
confidence in the effectiveness of screening tests by both patient and primary 
caregivers were major factors. Reimbursement concerns, inconvenience, and the 
actual test experiences were certainly other factors. These all relate to issues at 
the patient-physician level. At the same time, policy makers for public health 
recommendations had specific requirements to be met before endorsing any form 
of screening. Unlike the case-finding dynamic that occurs in the usual practice 
of patient-generated health-care interaction, screening commits far greater fi- 
nancial and health-care resources. It also creates an environment in which there 
is the potential for psychological and physical morbidity from the screening pro- 
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cess and subsequent interventions for individuals who are relatively well and the 
probability of disease-related benefit remains relatively low. Thus, the decision 
to advocate screening is dependent on proof that screening tests and follow-up 
treatment are effective in reducing morbidity and mortality from a major health- 
care burden and, in addition, meet defined standards of cost effectiveness. The 
latter is to ensure that limited financial resources would not be better utilized for 
other medical conditions. Thus, in essence, successful screening requires proof 
of effectiveness, advocacy by influential groups and providers, availability and 
access to screening tests, and acceptance by the target population. The last fac- 
tor will be greatly affected by an individual's level of health-care motivation and 
the inconvenience and discomfort of undergoing a screening test. 

Despite the acceptance of the adenoma-carcinoma sequence, convincing sci- 
entific evidence for screening effectiveness (i.e., that it reduces mortality) did not 
exist. As previously mentioned, the primary screening mechanism for the entire 
colon was the fecal occult blood test repeated at regular intervals, usually on an 
annual basis. As a test for detecting cancer, it is necessary to show that when 
cancer is found in asymptomatic individuals any apparent increase in length of 
survival is not due to earlier diagnosis (lead time bias) and any shift toward im- 
proved stages is not a function of finding indolent cancers (length time bias). 
Panels convened to assess screening procedures imposed strict criteria to deter- 
mine the scientific quality of the studies necessary for the findings to be con- 
sidered valid. The benchmark was the prospective, blinded, randomized, con- 
trolled trial. However, the retrospective case-control study was deemed a suitable 
alternative. In 1992, the first study supporting the effectiveness of colorectal 
screening was published (Selby et al. 1992). In this case-control study, it was 
found that individuals who had undergone rapid sigmoidoscopy had a reduced 
odds ratio for the probability of developing fatal cancer within the reach of the 
sigmoidoscope. There was no difference in screening exposure in those with fa- 
tal cancer proximally. It was unclear from the study details exactly how such 
screening produced its effect in the distal colon, as there were no cured cancers 
identified in the group without fatal rectal cancer. Subsequently, in 1993, a ran- 
domized trial demonstrated colorectal cancer mortality reduction through screen- 
ing with fecal occult blood testing (Mandel et al. 1993). The presumed mecha- 
nism of action was a shift in the proportion of earlier-stage cancers and, in 
particular, a marked reduction in the percentage with metastatic disease at diag- 
nosis. The first major panel to incorporate the findings of these studies was the 
US Preventative Services Task Force, which supported screening with either sig- 
moidoscopy or fecal occult blood testing. Combination strategies, although rec- 
ommended by some groups, lacked evidence. In 1993, the findings of the multi- 
institutional National Polyp Study were published (Winawer et al. 1993). This 
study assessed the outcome after the surveillance of individuals who had had ade- 
nomatous polyps removed at entry. The observed cancer incidence was markedly 
reduced compared to three published reference groups. Although impressive, this 
still did not demonstrate mortality reduction. In 1994, a multidisciplinary panel 
of experts was convened by the Agency for Health Care Policy and Research 



(AHCPR) to develop recommendations for colorectal cancer screening. There 
were five important conceptual innovations that resulted from their proceedings. 
The first was the relaxation of the stringent evidence-based criteria. Instead of 
directly linking a specific modality to the existing evidence for screening, it was 
accepted that if the early detection of cancer reduces mortality any procedure that 
reliably detects colon cancer could be assumed to be effective as well. This al- 
lowed for the second major change, the consideration of the double-contrast bar- 
ium enema and colonoscopy for the general population. Integral to the proposal 
of such increasingly invasive and expensive procedures was the understanding 
that screening is not intended to be a one-time event but rather a long-term pro- 
gram of repeated application. If such tests are more thorough and can be per- 
formed at prolonged intervals, it minimizes their negative features. Thus, this 
panel became the first to incorporate decision analysis and modeling to assess 
the aggregate impact, both favorable and unfavorable, of several screening strate- 
gies. As part of this process, cost-effectiveness analysis was also included. It was 
determined in a study by the Office of Technology Assessment that all approaches 
being reviewed were most cost effective than accepted benchmarks for other 
medical interventions. The fourth significant advance was the refinement of the 
understanding of cancer risk categories, adding a group termed "above average 
risk" to the traditional stratification of high and low risk. Decisions regarding 
whom to screen, how to screen, and how often to screen tend to be based on a 
complex integration of the magnitude of risk, the natural history of the disease, 
and the diverse characteristics of the screening test(s). Historically, any form of 
screening, especially with more aggressive strategies, had been reserved for high- 
risk groups to make exposure and resource utilization more efficient. However, 
it was also appreciated that a high preponderance of the overall tumor burden 
came from those at average or above average risk. The latter category included 
those with a previous history of cancer or large adenoma (especially with more 
advanced pathology) and those with a first-degree family history with the rela- 
tive being under age 55 at diagnosis. Recog-nizing that risk represented a grad- 
ual continuum based on age and other individual variables, the screening rec- 
ommendations that were proposed did not differ dramatically but blended in a 
tailored overlapping manner based upon the level of risk. Thus, the fifth and most 
significant product of the panel was the development of recommendations that 
included a menu of screening options based upon the knowledge that all the 
screening strategies should work to varying degrees and overall participation in 
screening could be augmented by enhancing availability and the potential for 
compliance. Inherent in this dynamic would be the necessity for informed shared 
decision making by the health-care givers and the target population. Further, 
choice would be based on the relative trade-offs of the differing approaches. 
Those guidelines were published in 1997 (Table 2.1) (Winawer et al. 1997). 
Closely following, and to some degree influenced by, the AHCPR guidelines 
were colorectal cancer screening recommendations put forth by the American 
Cancer Society that were almost identical (Byers et al. 1997). Also, opportunis- 
tically synchronized with these policy documents were successful legislative ini- 
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Table 2.1. 1997 American : les for colorectal cancer. 

Average-risk patients 
Asymptomatic, > age 50 

1. Fecal occult blood test (FOBT) and flexible sigmoidoscopy with digital rectal exam (DRE) 

2. Total colon exa with DRE (colonoscopy or double-contrast barium 
enema [DCBE]) 

1. FOBT q y, flexible sigmoidoscopy q 5 y 

2. Colonoscopy q 10 y or DCBE q 5-10 y 
' : 

Single small polyp 

Initial exam Colonoscopy 

Follow-up TCE within 3 y from polypectomy; if normal return to average-risk 

Large polyp or multiple small polyps 

Initial exam Colonoscopy 

Follow-up TCE within 3 y from polypectomy; if normal, TCE q 5 y 

Post-CRC resection 

Initial exam TCE within 1 y 

Follow-up TCE in 3 y; if normal, TCE q 5 y 

CRC or adenomatous polyps in first-degree relative 

Initial exam TCE at age 40 

10 y prior to family case 
Follow-up TCE q 5 y 

High-risk patients 

Familial adenomatous polyposis 

Initial exam Endoscopy at ling, genetic testing 

Follow-up If genetics +, colectomy; otherwise, endoscopy q 1-2 y 

Hereditary nonpolyposis colorectal cancer 

Initial exam Colonoscopy and counseling at age 21 

Follow-up Colonoscopy q 2y until age 40, then q 1 y 

uitory bowel disease 
Initial exam Colonoscopy with biopsy 8 y after start of colitis 

Follow-up Colonoscopy every 1-2 y 

Source: Adapted with permission from Byers et al. (1997). 

tiatives through which Medicare began providing coverage for the proposed 
screening modalities. The reimbursements did not include colonoscopy for those 
at average risk but this coverage was added in 2001. 

Since 1997, awareness of and participation in colorectal cancer screening has 
increased somewhat but not to the levels desired and certainly not approaching 
that of breast cancer screening. Enhanced media attention to screening through 
reports on the subject as well as transmission of the findings of new studies has 
provided greater visibility and interest. The National Colorectal Cancer 
Roundtable — a consortium of medical societies, advocacy groups, government- 
sponsored organizations, and motivated individuals — was formed for the purpose 



of promoting awareness and involvement in screening. Research projects have 
been ongoing in multiple areas to improve compliance, provide a better under- 
standing of the potential implications of the various screening strategies, and 
increase the knowledge base concerning the epidemiology and genesis of this 
disease. 



Current Screening Practices 

There currently are several proposed screening choices, including fecal occult 
blood testing, flexible sigmoidoscopy, a combination of the two, double-contrast 
barium enema, and colonoscopy. As mentioned, none of these choices are ideal 
and all have strengths and limitations. Without going into great detail, the fecal 
occult blood test is inexpensive and readily applied at the mass level. However, 
it is insensitive to adenomatous polyps and a single application has only fair sen- 
sitivity for colorectal cancer, necessitating strict adherence to repeat testing. Flex- 
ible sigmoidoscopy visualizes less than half of the bowel but a protocol of per- 
forming colonoscopy after an adenoma is detected improves the yield to 
approximately 75% of the significant neoplasms. Although it is much safer and 
less expensive than colonoscopy and does not require sedation, such a program 
will overlook a significant portion of lesions because of their location in the prox- 
imal colon. Although, in theory, the addition of annual fecal occult blood test- 
ing should partially compensate for this limitation, there is no evidence if, or to 
what degree, the benefits are additive. Further, any improvement is directed to- 
ward early cancer detection rather than disease prevention. 

Colonoscopy is the definitive procedure for evaluating the colon and can be 
both diagnostic and therapeutic. Although the risks of perforation and hemor- 
rhage are relatively low, they are much higher than with any of the screening al- 
ternatives. Unlike sigmoidoscopy, colonoscopy also requires more intensive 
preparation, which many find unpleasant. The completion rate for colonoscopy 
may vary from 75% to 99% depending on the examiner's skills, anatomic vari- 
ations, prior abdominal surgery, and the patient's reaction to the anesthesia. In 
either endoscopic scenario, whether sigmoidoscopy or colonoscopy, there may 
be a significant number of individuals who are averse to having a tube placed in 
their bowel and they are apprehensive regarding the discomfort they may expe- 
rience. The double-contrast barium enema is relatively inexpensive (equivalent 
to sigmoidoscopy) and is the safest of all the structural screening tests. However, 
thorough colonic preparation is a requirement and the test itself, while usually 
associated with minimal to mild discomfort, may be perceived as being painful. 
A preponderance of literature consisting of observational studies suggests that 
this test can detect 80% to 90% of the large adenomas and 85% to 95% of can- 
cers (Glick 2000). However, a randomized controlled trial comparing double- 
contrast barium enema to colonoscopy reported a detection rate of only half the 
large adenomas (Glick 2000). While this is only a single study and there are a 
number of limitations regarding the generalizability of the findings, this study 
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has been used to advocate colonoscopy over the double-contrast barium enema. 
Another important factor in the decline of the barium enema is the waning in- 
terest of radiologists in performing this procedure. The low reimbursement of the 
barium enema in conjunction with its labor-intensive nature has also been a de- 
terrent. In addition, radiologists' skills have greatly deteriorated due to the de- 
creased number of studies performed as a result of increased utilization of 
colonoscopy. This has impacted on practicing radiologists as well as residents in 
training. Further, resident enthusiasm has gravitated toward more complex tech- 
nology such as magnetic resonance imaging (MRI) and computed tomography 
(CT). 



CT Colonography and Colon Cancer Screening 

It is in this context that CT colonography (CTC) has emerged. The trend in colonic 
evaluation, in particular for screening, has shifted to total colonic evaluation. 
What currently exists for this purpose are two types of examinations. 
Colonoscopy is the definitive procedure but is associated with the greatest num- 
ber of complications and expense, and there are questions about acceptability and 
availability to the masses at risk. The double-contrast barium enema, while hav- 
ing great potential and closely in accordance with traditional criteria for screen- 
ing, is lacking because of the diminished skills and interest of radiologists and 
decreasing credibility due to opinions regarding its accuracy. Perceptions re- 
garding the patient experience have also contributed to its markedly decreased 
utilization. The question then arises as to how CTC can overcome the respective 
limitations of these two modalities. Its potential must also be viewed in terms of 
alternative techniques that are currently being developed, such as stool evalua- 
tion for genetic mutations. Much is unknown regarding CTC and it is difficult 
to perform a comparative analysis at present. There are a number of issues that 
need to be resolved. Several of these are interrelated and impact upon each other. 
First is its accuracy for cancer and large adenomas in conjunction with the pre- 
vailing practice for the management of small polyps. Most studies concerning 
accuracy have been performed in highly controlled settings and under these con- 
ditions have produced results approaching that of colonoscopy for larger and 
more significant lesions (Fenlon et al. 1999). If this can be consistently repro- 
duced in the general population, then CTC should have tremendous impact. Al- 
though the reimbursement for CTC has yet to be established, it would be ex- 
pected to be somewhere between the amount for colonoscopy and double- 
contrast barium enema. Given the prevalence of small polyps and the dubious 
benefit from their removal, if a high percentage of CTC studies lead to 
colonoscopy the net costs may be prohibitive. However, if a protocol could be 
established whereby such polyps were to be ignored (e.g., age dependent) or fol- 
lowed with CT at a reasonably prolonged interval then the financial limitations 
of CT as a screening test would become diminished. Other issues that are tan- 
gential but have both economic and medical repercussions include the impor- 



tance of radiation exposure and the consequences (both positive and negative) of 
the discovery of findings unrelated to the colon. 

The second key variable is the willingness of the general public to undergo 
CT colonography as opposed to other screening options or, more importantly, no 
form of screening whatsoever. CTC, like colonoscopy and double-contrast bar- 
ium enema, requires both an uncomfortable preprocedural preparation and in- 
traprocedural distension of the colon by gas. Unlike colonoscopy, there is no 
need for sedation, which may be viewed favorably by some and negatively by 
others. However, most attractive is that the overall time required during which 
an individual undergoes the actual intervention is extremely short, which should 
make it a better experience. Further, research is currently taking place that would 
eliminate the need for colonic cleansing (i.e., "prepless"). This would certainly 
enhance compliance but it must be proven that the sensitivity and specificity are 
maintained. 

A third area of concern is that the inherent nature of the technique requires the 
review of an extremely large number of images. This can occupy a significant 
amount of a radiologist's time if proper scrutiny is to be applied. Failure to be 
properly diligent could be detrimental to performance. Such dedication could be 
limited by the volume of other studies that exist in a busy radiology practice. 
The current review time for experienced radiologists is reported to be approxi- 
mately 5 to 20 minutes per case but can be much longer. Further, there could be 
a fatigue factor that limits the numbers of studies that can be performed. How- 
ever, another area of investigation that offers promise in overcoming these prob- 
lems is computer-assisted diagnosis. This application could, if perfected, offer 
the radiologist the ability to focus on a few regions that may contain significant 
lesions without necessarily evaluating every image. [Editor's note: Also, novel 
software programs such as "virtual pathology" may not only reduce interpreta- 
tion time but also the level of expertise needed to properly interpret the 
examination]. 



Obstructing Cancer and Incomplete Colonoscopy 

CTC has already achieved a role in the evaluation of patients with incomplete 
colonoscopy. The patient who is already prepared and has undergone an incom- 
plete colonoscopy can be accommodated for a same-day, unscheduled CTC ex- 
amination, thus obviating the need for a return visit and repeat preparation. Mor- 
rin et al. (2000) studied 40 patients with CT within 2 hours of an incomplete 
colonoscopy and, showing the portion of the colon that was not visualized by 
endoscopy in over 90% of patients, found a probable cause for the obstruction 
in 74% of patients. Further, patients preferred CT over colonoscopy. Fenlon 
showed that CT depicted all 29 occlusive carcinomas and also fully evaluated 
the proximal colon in 26 of 29 patients. CT also demonstrated two synchronous 
cancers and 24 polyps in the proximal colon, many of which were subsequently 
confirmed by endoscopy, although none could be palpated at surgery. Identifi- 
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cation of the synchronous cancers in two patients altered the surgical plan. CT 
was also more accurate than colonoscopy in localizing the cancers, which may 
be helpful in preoperative planning. 

Royster et al. (1997) reported a 100% sensitivity in detecting masses s2 cm 
on CTC. Several investigators have shown the utility and effectiveness of virtual 
colonoscopy to image the colon proximal to obstructing lesions. Macari et al. 
(1999) reported on 20 patients with incomplete colonoscopy, 10 of whom had 
barium enema. Two lesions were found by CT in the portion of the colon not 
seen by colonoscopy and confirmed by barium enema and the other eight were 
normal on both examinations. 



Extracolonic Findings 

Ironically, the incidence of extracolonic findings seems to be potentially as im- 
portant as detection of colonic polyps (Dachman, 2002). This analysis is in par- 
ticular interesting in light of recent heated debate regarding use of CT as a gen- 
eral head-to-toe screening tool. Dachman reported 26 incidental findings in 44 
patients, only 1 of which (3-cm adrenal mass) resulted in additional work-up 
(Glick 2000). Other findings included four patients with hepatic steatosis, four 
with gallstones, and one with an inguinal hernia. In a group of 40 patients with 
incomplete colonoscopy, Morrin found a 13% incidence of significant extra- 
colonic findings, such as aortic aneurysm, complex ovarian cyst, partially ob- 
structing ventral hernia, and large fibroid uterus with bowel compression. Hop- 
per found potentially significant extracolonic findings in 10% (10/100) of patients 
and insignificant extracolonic findings in an additional 80%. Significant findings 
included spinal block, 4-cm adrenal mass, questionable abscess around the 
femoral neck, 4-cm aortic aneurysm, porcelain gallbladder, large herniated disc 
with edematous nerve root, narrow-neck ventral abdominal wall hernia contain- 
ing colon, fractured orthopedic hardware with a lumbar subluxation, and severe 
bladder wall thickening in a woman. Hara formally studied 264 consecutive vir- 
tual colonoscopy examinations using two observers and found that 11% (30/264) 
had highly important extracolonic findings that resulted in further examination 
in 7% (18) of patients. Six patients underwent surgery because of these findings. 
Two patients with findings of moderate or low importance underwent additional 
imaging. They also did a cost analysis and found that evaluation of important 
extracolonic findings can help detect serious disease with little additional cost. 
These findings may be as important as the finding of polyps in these patients and 
deserve further study. 



It is clear that CTC is a rapidly developing technology that has the potential to 
make a major contribution for decreasing the morbidity and mortality from col- 



orectal cancer. Exactly where it will interface and its actual future impact remain 
to be determined. However, it can be conservatively stated that a majority of the 
population do not undergo screening. If those who do not currently comply be- 
cause of apprehension regarding existing modalities or because of limited access 
to colonoscopy, the existence of an alternative that is effective, accessible, and 
appealing to many of these individuals can be of considerable benefit to the ag- 
gregate public health. 
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How Accurate Is CT Colonography? 

Judy Yee and Elizabeth McFarland 



Computed tomography (CT) colonography (CTC), also referred to as virtual 
colonoscopy, has received widespread attention as a new tool for the noninva- 
sive detection of colorectal polyps and cancer. Since the introduction of CTC in 
1994, multiple preliminary studies have been performed to evaluate the sensi- 
tivity and specificity of CTC in different patient cohorts. During this time, there 
have been tremendous advances in the image acquisition and display capabili- 
ties of this evolving technology. Our purpose will be to first discuss specific pa- 
rameters that may affect the performance results, followed by a review of stud- 
ies performed to date. 

Study Parameters 
Patient Selection 

Most of the published studies evaluating the accuracy of CTC have been per- 
formed in high-risk patients. These cohorts include patients with a personal or 
family history of colorectal cancer, patients with symptoms (iron-deficiency ane- 
mia, heme-positive stools, or hematochezia), or patients with prior polyps being 
followed for surveillance. The sensitivity and specificity of CTC for lesion de- 
tection in such polyp-rich patient populations may be higher than that in a screen- 
ing population. Early studies evaluated well-characterized cohorts during the evo- 
lution of the technology, but these results cannot be extrapolated to a screening 
population. Future studies of test performance need to be performed in screen- 
ing and surveillance populations in which disease prevalence is in general low. 

Bowel Cleansing and Distention 

Prior to the acquisition of CT data, patients are required to undergo a bowel 
cleansing regimen. Polyethylene glycol electrolyte lavage solution is the pre- 
ferred agent by some gastroenterologists for bowel cleansing prior to 
colonoscopy. Polyethylene glycol is ingested in large volumes and is effective 
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at cleansing the bowel. However, it often leaves excess residual fluid in the colon; 
therefore, it is known as a "wet prep." Residual fluid will obscure colonic le- 
sions and lead to an increase in false negatives. The results from almost all pub- 
lished studies evaluating the performance of CTC for lesion detection are based 
on patients who have received polyethylene glycol solution as the colonic cleans- 
ing agent. Highly osmotic agents such as sodium phosphate (phosphosoda) and 
magnesium citrate tend to leave the colon relatively dry. However, these "dry 
preps" tend to leave more solid stool, which can lead to an increased number of 
false positives and false negatives. 

Bowel distention is achieved by retrograde insufflation of the colon with ei- 
ther atmospheric air or carbon dioxide. Carbon dioxide has a steep diffusion gra- 
dient across the colonic wall and is resorbed much more rapidly than room air. 
It is thought to decrease patient discomfort, but it is not clear whether there is 
any significant effect on colonic distention or polyp detection. Preliminary find- 
ings of a prospective randomized study comparing manual insufflation of air vs 
carbon dioxide revealed similar distention and patient preference for the two 
gases (McDermott et al. 2001). 

The use of glucagon as an antispasmodic agent has been controversial. There 
is evidence that glucagon does not have any significant effect in improving 
colonic distention or lesion detection for CTC (Yee et al. 1999; Morrin et al. 
1999). Other reasons why glucagon is not likely to be used on a routine basis for 
CTC include cost issues and the faster acquisition times of multidetector CT scan- 
ners. Some of the more recent studies include patients who have not received 
glucagon. 

CT Data Acquisition Protocol 

Most of the published trials evaluating the diagnostic accuracy of CTC have been 
performed using a single-detector helical scanner. Single-detector CT protocols 
that have been studied include various collimations of 3, 5, and >5 mm. Trials 
are currently in progress exploring the potential for increased sensitivity and 
specificity using multidetector row CT. Thinner slices of 1- to 2-mm detector 
width may allow improved spatial resolution and increased sensitivity, in par- 
ticular for smaller polyps and flat lesions. In addition, narrower collimation may 
allow easier distinction between polyps and residual stool. However, a higher 
sensitivity for polyp detection must not be offset by a lower specificity. Limita- 
tions of the use of thinner collimation include an increase in image noise that 
may compromise image quality, an increase in radiation dose to the patient, and 
larger data management demands. 

Essentially all published studies evaluating the ability of CTC to detect polyps 
have used two-position scanning with supine and prone views. The use of scan- 
ning in opposing views has been found to improve colonic distention as well as 
polyp detection because of shifting of residual material that allows increased sur- 
face area visualization (Fletcher et al. 2000; Chen et al. 1999). 
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Image Display 

The typical image displays used for CTC to date include the 2D multiplanar re- 
formations (2D MPR) and 3D endoluminal views. The 2D MPR allows a seam- 
less interactivity of axial, coronal, and sagittal planes for detection of focal in- 
traluminal lesions in a time-efficient manner (Fig 3.1). Other benefits include 
improved orientation from the extraluminal point of view and ability to evaluate 
the source attenuation data for improved characterization. The 3D endoscopic 
views provide an intraluminal visualization of the colonic mucosal surface (Figs 
3.2 and 3.3). The 3D views can exploit different features, such as shaded- 
surface display or volume-rendered algorithms, color or monochromatic visual- 
ization, perspective lighting (to differentiate near field from far field), and man- 
ual or automated flight paths for navigation (Rubin et al. 1996; McFarland et al. 
1997). Currently, most readers have used the time-efficient protocol of primary 
interpretation using the 2D MPR images, with selective correlation of focal find- 
ings with the 3D endoluminal images (Dachman et al. 1998; Macari et al. 2000). 
Further evaluations with 3D visualization as a primary method of evaluation need 
to be investigated as these capabilities evolve. 




Figure 3.1. (A) Coronal reformatted view demonstrates a large sigmoid polyp (arrow). 
Differentiation from a thickened fold can be made by scrolling through the lesion on the 
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Figure 3.1, (Continued) (B) 3D endoscopic view shows the same polyp appearing as 
focal protrusion into the lumen of the colon. 




Figure 3.2. Excellent distention of the cecum allows detection of a small polyp (arrow) 
on the 3D endoluminal view. 
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Figure 3.3. 3D endoscopic view demonstrates a large mas; (arrows) in the hepatic flex- 
ure along the nondependent wall. A small amount of fluid is seen layering along the de- 
pendent wall. 



Readers 

To date, experienced abdominal radiologists have predominantly evaluated the early 
diagnostic performance of CTC. Many of the published studies have utilized sin- 
gle expert readers or consensus readings. Assessment of intra-and interobserver 
agreement is currently being performed (Pescatore et al. 2000; McFarland et al. 
2000, 2002). The work of the American College of Radiology Imaging Network 
(ACRIN) represents the first large-scale multi-institutional efforts to evaluate newly 
trained and experienced readers. Future evaluations will require specific training 
protocols to familiarize new readers with different image display techniques and 
various sizes and morphologies of colorectal lesions. 



Current Results Using 2D and Complete 3D 

Yee et al. (2001) performed the largest single-center study to date evaluating 
CTC performance in 300 patients (Table 3.1). Approximately one-third of these 
patients were asymptomatic. Single-detector CT was used with 3-mm collima- 
tion, 1.5 to 2.0 pitch, 120 to 150 mA, and 1.5-mm reconstructions. Reader pro- 
tocol consisted of complete interpretation of axial, reformatted, and endoluminal 
images in supine and prone positions. Interpretation was performed by two read- 
ers who evaluated 2D and 3D surface-rendered images in all patients, and a con- 
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sensus reading was obtained. CTC had a 100% (8/8) sensitivity for the detection 
of carcinoma. Excellent results were also obtained using two different matching 
algorithms for larger polyps. Using direct by-polyp matching the sensitivity for 
polyp detection was 90.2% (74/82) for polyps 10 mm or larger and 80.1% 
(113/141) for polyps between 5 to 9.9 mm: Using the by-patient comparison, 
100% (49/49) of patients with polyps measuring 10 mm or larger were identi- 
fied and 93% (50/54) of patients with polyps measuring between 5 to 9.9 mm 
were identified on CTC. The positive-predictive value (PPV) and negative- 
predictive value (NPV) for clinically significant polyps measuring >10 mm was 
80.8% and 97.2%, respectively. 

Spinzi et al. (2001) obtained lower sensitivity results for the detection of polyps 
in a study of 96 high-risk or symptomatic patients. CTC was performed using 
5-mm collimation, 2 pitch, 230 to 260 mA, and 2.5-mm reconstructions. 2D and 
complete 3D surface-rendered evaluation was performed by one radiologist. Per- 
polyp sensitivity for 10-mm or larger lesions was 62% (8/13) with a specificity 
of 100%. There was also low per-polyp sensitivity of 56% (18/32) for polyps 
smaller than 10 mm. This study found that CTC had a sensitivity of 88% (7/8) 
for the detection of cancers. 

Fenlon et al. (1999) compared CTC and standard colonoscopy for polyp de- 
tection in 100 patients at high risk for colorectal neoplasia. The CT protocol con- 
sisted of 5-mm collimation, 1.25 pitch, 110 mA, and 2-mm reconstructions. 2D 
and complete 3D volume-rendered evaluation was performed by two radiologists 
who reviewed the CT studies jointly and arrived at a consensus reading. The per- 
polyp sensitivity of CTC was 91% (20/22) for polyps 10 mm or larger and 82% 
(33/40) for polyps 6 to 9 mm. Per-patient sensitivity and specificity as well as 
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PPV and NPV were all 96% for polyps 10 mm or larger. For polyps between 6 
to 9 mm, per-patient sensitivity, specificity, PPV, and NPV were 94%, 92%, 
92%, and 94%, respectively. Sensitivity results from this study are similar to the 
study by Yee et al. (2001). 

Royster et al. (1997) performed a study evaluating 20 patients with known 
colonic masses found on fiberoptic colonoscopy. CTC was performed using 
5-mm collimation, 1.25 pitch, 110 mA, and 2-mm reconstructions. 2D and com- 
plete 3D volume-rendered images were evaluated by two radiologists with a con- 
sensus reading obtained. All 20 masses measuring 20 mm or larger were identi- 
fied. Per-polyp sensitivity for lesions measuring 10 mm or larger and for those 
between 6 and 10 mm were 100% (2/2) and 90% (9/10), respectively. 



Current Results Using 2D with 3D for Problem Solving 

Hara et al. (2001) compared single-detector vs multirow-detector CT for lesion 
detection in 237 patients. Seventy-seven patients underwent single-detector CTC 
with 5-mm collimation, 1.3 pitch, 70 mA, and 3-mm reconstructions. Using this 
protocol, three to four CT volumes were obtained with 3-cm overlap. The ma- 
jority of patients (160) underwent multidetector CT scanning with 5-mm colli- 
mation, 0.75 pitch, 50 mA, and 3-mm reconstructions performed in one breath 
hold. Two of three radiologists who interpreted each of the studies used magni- 
fied axial images for the primary interpretation with 3D volume-rendered views 
for problem solving. CT results were considered positive if either of the two ra- 
diologists reported a finding. Per-polyp sensitivity for lesions larger than 10 mm 
was 89% (8/9) for single-detector CT vs 80% (8/10) for multidetector CT, with 
differences not found to be statistically significant. Per-patient sensitivity and 
specificity were 100% (5/5) and 90% (65/72) for single-detector CT vs 78% (7/9) 
and 93% (140/151) for multidetector CT, respectively, with differences also not 
found to be statistically significant. Although performance of CTC for polyp de- 
tection was similar for both single- and multidetector CT, it was found that colonic 
distention was better using multidetector CT with fewer respiratory artifacts. 

In a study of 44 high-risk patients by Dachman et al. (1998), 2D images were 
used for primary interpretation and surface-rendered endoluminal views were re- 
viewed only when needed to differentiate polyps from folds. Two radiologists in- 
terpreted each CT study independently. The CTC protocol consisted of 5-mm col- 
limation, 1.5 pitch, 100 mA, and 2. 5-mm reconstructions. A per-polyp sensitivity 
of 83% (5/6) was obtained for both readers for lesions 8 mm or larger with a speci- 
ficity of 100%. The sensitivity for 5- to 8-mm polyps was 33% (1/3) for both read- 
ers. The endoluminal view was used for problem solving in 52% (23/44) of pa- 
tients by both observers and did not significantly impact on interpretation times. 

Morrin et al. (2000) evaluated 33 high-risk patients who did not receive in- 
travenous contrast material and used a similar interpretation method in which 
surface-rendered endoluminal views were generated only in questionable areas 
found on the 2D views. CTC was performed using single- and multidetector scan- 
ners. Single-detector CT was performed on the majority of patients, and the pro- 
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tocol consisted of 3.0-mm collimation, 2 pitch, 120 mA, and 1.5-mm recon- 
structions. Multidetector CT protocol consisted of 2.5- to 5.0-mm slice thickness, 
11.25- to 15-mm/s table speed, 200 mA in high-speed mode. Per-polyp sensi- 
tivity for 10- to 19-mm polyps and 5- to 9-mm polyps was 91% (11/12) and 58% 
(7/12), respectively. Per-patient sensitivity and specificity for the 10- to 19-mm 
polyps was 86% and 100%, respectively. 

Fletcher et al. (2000) evaluated 180 patients with polyps or risk factors for col- 
orectal cancer. Single-detector CT scanning was performed using 5-mm colli- 
mation, 70 mA, 1.3 pitch, and a 3-mm reconstruction interval. Three or four 20- 
second breath holds were required to cover the abdomen and pelvis with 3-cm 
overlap used to cover gaps. In addition, 89 patients were randomly assigned to 
receive oral iodinated contrast with a bowel-cleansing regimen the day before 
the CT. One reader interpreted the supine images alone and another reader eval- 
uated both supine and prone data sets. Per-polyp sensitivity for lesions 10 mm 
or larger and for polyps between 5 and 9 mm were 75.2% (91/121) and 47.2% 
(67/142) respectively. Per-patient sensitivity and specificity for 10-mm or larger 
polyps were 85.4% and 93% respectively. It was found that the use of both supine 
and prone data sets significantly improved the ability to detect patients with 
polyps 5 mm or larger. The use of oral iodinated contrast in this study did not 
appear to improve polyp detection. 

Macari et al. (2002) published a low-dose multidetector CT study in 105 high- 
risk patients. Images were acquired at 1-mm detector width, effective mAs of 50, 
and variable pitch to cover the abdomen and pelvis in 30 seconds. One reader 
evaluated the images with primary use of axial 2D as the major image display, 
with a mean interpretation time of 12 minutes. Sensitivity was 70% (19/27) for 
6- to 9-mm lesions and 93% (13/14) for 10-mm and greater lesions. Overall speci- 
ficity was found to be 98% (see Table 3.2). 



Table 3.2. Performance data using 2D and 3D interpretation for problem solving. 
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Interob server Agreement 

Pescatore et al. (2000) performed a prospective study of 50 high-risk patients. CTC 
was performed in the supine position using 5-mm collimation, 1.5 pitch, 200 mA, 
and 2. 5-mm reconstructions. 2D and complete 3D surface-rendered evaluation was 
performed by two investigator teams consisting of a radiologist and a gastroen- 
terologist. Each team read out the first 24 patients, followed by evaluation of re- 
sults. Then, each team read out the remaining patients. Per-patient sensitivity for 
10-mm or larger polyps was 38% and 63% for teams 1 and 2, respectively, and 
specificity was 74% for both teams. The lower sensitivity results could be explained 
by many patients with poor preparation, scanning in only the supine position, sub- 
optimal resolution of the software employed, and reader inexperience. 

McFarland et al. (2000) initially evaluated inter- and intraobserver agreement in 
a retrospective library of 30 colonic segments containing 22 lesions using three dif- 
ferent image display techniques. Images were acquired using single-detector CT, 
at 5-mm collimation, 8-mm table increment, and 2-mm reconstruction interval. 
Three experienced abdominal radiologists, who were recently trained with a teach- 
ing set of CTC cases, independently evaluated each case at two different testing 
periods. Results were similar between 2D MPR, thick-slab 3D MPR, and 3D per- 
spective volume-rendered image display techniques. Sensitivity ranged from 77% 
to 86% for all polyps and 91% to 100% for polyps >10 mm (n = 11). Overall, in- 
traobserver agreement was good for the three display techniques (k = 0.6 to 1.0); 
however, interobserver agreement of 2D MPR was lower (k = 0.53 to 0.80). 

McFarland et al. (2002) also evaluated prospectively a polyp-rich cohort of 70 
patients, using single detector CT (5-mm collimation, 8-mm table increment, 
2-mm reconstruction interval). Four experienced abdominal radiologists inde- 
pendently evaluated each case using 2D MPR as the primary image display, with 
3D volume rendered views to further characterize each finding. Analysis by polyp 
demonstrated a pooled sensitivity of 68% (range 60% to 78%) to detect 10 mm 
polyps (n = 40 polyps). Analysis by patient demonstrated a pooled sensitivity 
of 88% (range 82% to 89%) to detect patients with 10 mm and greater polyps 
(n = 28 patients). When sensitivity and area under the curve were analyzed by 
polyp size threshold, results among readers peaked at polyp diameters of ap- 
proximately 10 mm. Interobserver agreement was 79% for all patients, 72% for 
patients with 6-9 mm polyps (n = 20) and 94% for patients with 10 mm and 
greater polyps (n = 28). When sensitivity and area under the curve were ana- 
lyzed by polyp size threshold, results among readers peaked at polyp diameters 
of approximately 10 mm. Interobserver agreement was 79% for all patients, 72% 
for patients with6- to 9-mm polyps (n = 20) and 94% for patients with 10-mm 
or greater polyps (n = 28). 



Future Areas of Validation 

Future efforts to validate CTC will be challenged by the continued advances in CT 
acquisition and image processing capabilities. Optimization and standardization of 
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the CT protocol will be necessary before further dissemination. Further evaluation 
of computed-aided diagnosis (Summers 2002), novel 3D image display techniques 
(Beaulieu et al. 1999; Reed and Johnson 1998), and stool tagging and subtraction 
(Zalis and Hahn 2001; Callstrom et al. 2001) will be needed. The diagnostic per- 
formance of CTC using a broader range of cases in community environments with 
less expert readers following a training period must be evaluated. Determination of 
what size lesion is considered "clinically significant" will be important (Glick 2000; 
Read et al. 1997; Rex and Cummings 1993). Multidisciplinary collaboration will be 
necessary foi est iblishin scieening and surveillance algorithms that account for im- 
portant covariables, such as age, risk, and comorbidity. Comparison of the diag- 
nostic performance of CTC to exisiting modalities such as flexible sigmoidoscopy, 
barium enema, and colonoscopy is also needed. In this way, the role of CTC as a 
part of the imaging armamentarium for colorectal cancer can be determined. 



How to Perform and Interpret a Virtual 
Colonoscopic Examination 

Michael Macari and Abraham H. Dachman 



In this chapter, we discuss computed tomography (CT) of the cleansed colon per- 
formed in a manner to detect polyps and masses. The use of CT colonography 
(CTC) in the partially prepared or unprepared colon is discussed in chapter 5. 

Technical considerations critical to the successful performance and interpre- 
tation of CTC are reviewed. This chapter presents an overview of how to per- 
form and interpret an examination and will touch on some of the controversies. 

Patient Preparation and Data Acquisition 

Accepted principles regarding acceptable CTC technique include adequate 
colonic cleansing, maximal colonic distension, and data acquisition in the supine 
and prone positions (Chen et al. 1999; Yee et al. 1999; Fenlon and Ferrucci 1997). 
While CTC is a relatively noninvasive imaging procedure, there are two aspects 
of the exam that may produce patient anxiety and potential discomfort. These in- 
clude the need for bowel preparation and colonic insufflation. We stress that the 
colon needs to be thoroughly cleaned and properly distended to obtain an ade- 
quate examination. 

As CTC technique evolves, there is a move toward standardizing techniques for 
performing this study. Some factors are less critical, although the best and most 
cost-effective alternatives are not clear. The first set of issues relate to the patient 
and include: the use of room air vs carbon dioxide (Dachman et al. 1998), the use 
of manual vs mechanical or even self-insufflation (Macari et al. 2000), the use of 
a routine hypotonic agent such as glucagon (Johnson and Dachman 2000), and the 
use of a plain catheter vs a balloon cuff catheter (Fletcher et al. 2000). 

Bowel Cleansing 

A more comprehensive discussion of bowel cleansing can be found in chapter 5. 
The minimum requirements are summarized below. 

Bowel preparation is currently essential for the confident detection of lesions 
because residual fecal material may be indistinguishable from polyps or neo- 
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plasms, and fecal residue may obscure a polyp (Fletcher et al. 2000; Macari et 
al. 2001a). The radiologist should take an active role in ensuring that patients 
understand the importance of the preparation and what is expected of them. 

There are two main bowel preparations available: cathartics such as magne- 
sium citrate and oral phospho soda, and lavage solutions such as polyethylene 
glycol. In our experience, both magnesium citrate and phospho soda provide an 
acceptable bowel preparation. Radiologists should emphasize the need for bowel 
preparation and be familiar with the instructions that are provided with these 
commercial kits to better answer patient's questions. Magnesium citrate should 
not be used in patients with renal failure and phospho soda should not be used 
in patients with renal, cardiac, or hepatic insufficiency. We have found that the 
polyethylene glycol prepa-ration frequently leaves a large amount of residual 
fluid (Macari et al. 2001). While this preparation is adequate for colonoscopy, 
large amounts of residual fluid could obscure masses during CTC (whereas at 
conventional colonoscopy residual fluid can be aspirated out of the colon). Un- 
like a barium enema examination, in which different projections can be used to 
redistribute the fluid, in CTC the examination is usually limited to two projec- 
tions, supine and prone (unless an extra view, such as a decubitus view, is ob- 
tained). In this setting, the preparation that provides the least amount of residual 
fluid will theoretically provide the greatest opportunity to detect polyps by en- 
abling evaluation of the entire mucosal surface of the colon. 



Getting Started 

At New York University (NYU), the examination is performed entirely by a tech- 
nologist or nurse. A radiologist is not on-site. Obviously, an experienced tech- 
nologist or nurse is required, but after adequate training these individuals can 
perform the examination, minimizing the radiologist's time commitment. Con- 
versely, at the University of Chicago all exams are performed by a radiologist. 
The patient is asked to evacuate the rectum immediately prior to the examina- 
tion. Easy access to a nearby bathroom is essential. Some form of informed con- 
sent is used, either as required by an institutional review board or as good prac- 
tice to document that this new procedure was properly explained to the patient. 
The exam in general takes 10 to 15 minutes of CT room time. The patient is 
placed on the CT table and at the radiologist's option a rectal exam may be per- 
formed. If the CT is part of a screening program offered by the radiology de- 
partment without need for a referring clinician, we recommend that a digital rec- 
tal exam always be included because CTC cannot detect lesions in the anal canal. 



Hypotonia 

There is no objective evidence that hypotonia improves the quality of the exam 
(Yee et al. 1999a). After years of experience with the use of glucagon for bar- 
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ium enema, some radiologists believe that the added comfort is worth the ex- 
pense, whereas others limit the use of glucagon to patients who experience 
severe cramping. When used, a 1.0-mg dose, injected intravenously over 30 sec- 
onds, is recommended. In the case of CTC, the use of glucagon has the added 
disadvantage of decreasing the competency of the ileocecal valve, allowing re- 
flux of gas into the small bowel. As a result, particular attention must be paid to 
maximally insufflating the bowel for both the supine and prone views by adding 
more gas immediately prior to scanning. 



Rectal Tube 

Patients often have sensitive skin at the anus due to the colonic cleansing regime. 
Jelly, therefore, should be used to perform the rectal exam and insert the rectal 
tube. Too much jelly, however, may make the catheter tip too slippery. A red 
rubber catheter (which is smaller and may be more comfortable than a barium 
enema tip), a Foley catheter, or a plain barium enema tip can be used. If using 
a barium enema tip, barium enema tubing can be cut into 9-in strips and one end 
attached to the catheter tip and the other to a hand-held bulb ("blue puffer") for 
manual insufflation. Some investigators use a tip with a balloon cuff. The tip 
should be taped in place (butterfly style) to the buttock to minimize the likeli- 
hood of the tip dislodging later when the patient turns from the supine to the 
prone position. 



Insufflation 

For colonic insufflation, either room air or CO2 can be used. We utilize air be- 
cause it is easy and inexpensive. Proponents of CCh argue that it is readily ab- 
sorbed from the colon and causes less cramping after the procedure in compar- 
ison to room air. While mild cramping may be a problem for some patients, 
most patients find the examination to be quick and not uncomfortable (Svens- 
son 2002). 

Air should be inflated slowly and the patient encouraged to retain the air. We 
ask patients to let the technologist know when they are beginning to feel dis- 
comfort from bowel distension. In general, this signals that the colon is well dis- 
tended. In general, approximately 40 puffs is sufficient to distend the colon. How- 
ever, we do not use a set number of puffs because the length of the human colon 
is variable. Also, reflex of air via an incompetent ileocecal valve will result in 
the need for more insufflation. It is important to be aware of the stoic patient 
who will wiggle their toes in silence as you puff away! 

Some researchers use a mechanical pump such as a lap-aroscopic insufflator. 
This pump can be connected to CO2 or compressed air. A commercial pump ded- 
icated to CTC is also available. A set pressure setting is in general used. 
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Figure 4.1. Adequate bowel distension. After insufflation of the colon, a scout topogram 
should be obtained. If the colon is distended as demonstrated here, then proceeding with 
data acquisition may proceed. If not, additional air insufflation is necessary. The arrow 
points to a thin catheter tip with no balloon permitting visualization of mucosa to the in- 
terna] anal sphincter. 



Performing the Scan 



After insufflation, the catheter is left in the rectum and a single or biplane supine 
scout CT image is obtained to verify adequate bowel distension. If adequate bowel 
distension is present, the CT examination is performed (Fig 4.1). If adequate 
bowel distension is not achieved, additional air is insufflated into the rectum. Fol- 
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lowing air insufflation, CTC is performed first in the supine position in a 
cephalo-caudad direction encompassing the entire colon and rectum. The display 
field of view (DFOV) should be adjusted so as not to exclude any part of the ab- 
domen or pelvis. That is why some technologists like to use both anteroposterior 
and lateral scouts. The scan range should extend several finger breaths above the 
top of the most cephald colon so as not to accidentally omit some colon due to a 
variable in the inspiration. Caudally, the scan should extend below the anal verge. 

The patient is asked to hyperventilate to maximize the length of the breath 
hold. Some investigators use nasal oxygen, in particular in the elderly or when 
the technique calls for a scan longer than 30 seconds. It is best not to break up 
the scan into multiple breath holds. At the University of Chicago, we have found 
the following patient instructions to be effective in minimizing or eliminating 
respiratory motion: "Explain to the patient that movement of the belly will ruin 
the scan; take several deep breaths, as though you were going to hold your head 
under water. Try to hold your breath for the entire scan. If you can't, then breathe 
out as slowly as possibly so there will not be any rapid movement of your belly. 
If you must, then breathe in as slowly as possible." 

As soon as the supine scan is complete, the patient is then placed in the prone 
position. A second scout localizing image is obtained, repeating the process over 
the same z-axis range. The image is reviewed to determine if the colon is ade- 
quately distended. If not, it may be necessary to insufflate scout additional gas 
into the colon, depending on how much the patient can tolerate. The patient is 
reminded that adequate distention of the bowel is critical for this study, but no 
additional air is insufflated into the colon against the patient's wishes. 

As soon as the prone scan is complete, the catheter is positioned vertically, the 
puffer removed, and the rectal tip left in place. Towel or tissues should be available 
to cap the tubing if there is a liquid return. With the dry prep, however, there is in 
general little or no liquid. By finishing in the prone position and leaving the rectal 
tube in place open to room air for 30 to 60 seconds, postprocedure cramping should 
be minimized. After the tip is removed, the patient is sent to the restroom. 

Supine and prone imaging doubles the radiation dose but is essential to allow 
optimal bowel distension, redistribution of residual fluid, and differentiation of 
fecal material from polyps because visualization of mobility of a filling defect 
implies residual fecal material. If a wet prep is used and a large amount of re- 
tained fluid is seen on the supine scan, one can optionally add a decubitus scan, 
optimized or tailored to move the fluid out of the loop of interest (a technique 
first suggested by Ken Hopper, MD, at Hershey Medical Center). 



Other Technical Scan Parameters 

Thin sections on a multislice scanner are strongly preferred. At NYU, we utilize 
a 4- X 1-mm slice detector configuration, 120 kV, 0.5-second gantry rotation, 
and effective 50 mAs. Pitch (table feed per gantry rotation/nominal slice thick- 
ness) should be varied between 6 and 7 such that the entire abdomen and pelvis 
may be covered during a 30-second breath hold. The pitch is varied to account 
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for differences in patient's body length so that the acquisition can be completed 
in 30 seconds. This results in 12 and 14 mm of coverage per second. CT images 
are reconstructed as 1.25-mm-thick sections with a 1-mm reconstruction inter- 
val. The examination is networked to a workstation for interpretation. 

At the University of Chicago, we use a 1 .25-mm collimation, 7.5-mm/sec table 
speed, HS (high-speed) mode, with overlapping reconstructions to 1.0 mm, kV = 
120, mA = 100, and soft algorithm (GE LightSpeed, GE Medical Systems). Nasal 
oxygen is used for scans longer than 30 seconds. 

Regardless of the scanner type, it must be stressed that interpretation of mul- 
tiplanar reformations (MPR) and 3D endoluminal data is facilitated by thin sec- 
tion (<3 mm) image acquisition (Fig 4.2.). If one does not own a multislice 
scanner, in our opinion, the thickest acceptable sections are 2.5 mm with a pitch = 
1.5, and overlapping reconstruction to 1 to 1.5 mm. 




Figure 4.2. Effect of slice thickness (: 
CT images reconstructed from same dal 
image on the left is reconstructed as a 
age on the right is reconstructed as a 5 



.25 mm vs 5.0 mm) on image quality. (A) Axial 
a set using 4- X 1-mm detector configuration. The 
1.25-mm-thick slice with 1-mm overlap. The im- 
■mm-thick slice with 2.5-mm overlap. In both im- 



ages, arrows point to a 3-mm polyp in the descending colon, which is seen with less vol- 
ume averaging with the thin slice (left). (B) Same data set now with 3D endoluminal 
perspective. Because of less volume averaging, the polyp (arrow I is clearly seen with the 
1. 25-mm data set (arrow) but almost imperceptible with the thicker slice (right). 
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Management and Interpretation of CT Data 

Once the CT examination is completed, the data is transferred to a workstation 
that allows fast, seamless interaction of axial, MPR, and 3D endoluminal images. 
This is essential for data interpretation. At the same time, it should be recognized 
that networking data to an appropriate workstation may be time consuming given 
the large number of images that are generated with thin-section studies. 

Once the CT data are on the workstation, the primary question is whether to 
begin interpretation using a 2D or 3D technique. This choice is influenced by 
personal preference and the available workstation and features of the software 
package used. While there are advocates for both techniques, and hardware and 
software will surely improve, most researchers currently utilize a primary 2D ap- 
proach with MPR and 3D imaging reserved for problem solving (Dachman et al. 
1998; Macari et al. 2001a; Johnson and Dachman 2000; Fletcher et al. 2000). 
Novel display methods are still under investigation (see chapter 6). 



Why 2D Imaging? 

The main rationale for interpreting CTC using a primary 2D approach is speed 
of interpretation. At the time of this writing (February 2001) our interpretation 
time is 5 to 20 minutes, often less than 10 minutes. For CTC to be a clinically 
viable tool in everyday radiology practice, the examination needs to be performed 
and interpreted in a "time-efficient" manner. While technologists can be trained 
to perform colonic insufflation (saving radiologist time), they cannot interpret 
axial images. For example, in 2001 Yee et al. evaluated a large cohort of patients 
using both 2D and 3D imaging (with antegrade and retrograde 3D colon navi- 
gation) in both the supine and prone positions. In this study, the median inter- 
pretation times for two different radiologists were 31 minutes (range of 15 to 45 
minutes) and 27 minutes (range of 15 to 40 minutes), respectively (Yee et al. 
2001). The sensitivity for CT for polyps 10 mm and larger was over 90%. How- 
ever, results reported in this study were based on a consensus interpretation and, 
after factoring in the time for consensus, a significant amount of radiologist time 
was probably spent in evaluating these colonography data sets by consensus. This 
time issue is especially relevant with the introduction of multislice CTC in which 
close to 1000 images can be obtained per patient, depending on slice collimation 
and degree of overlap. 

Dachman et al. (1998) reported findings in 44 patients using 2D imaging with 
3D imaging for problem solving. In this study of two radiologists, the sensitiv- 
ity for polyps larger than 8 mm was 83% and the specificity was 100% for both 
observers. The average amount of time spent on interpretation was 28 minutes, 
30 seconds (range of 14 to 65 minutes). Macari et al. (2001c) reported findings 
for a similar approach using primary axial 2D imaging with 3D and MPR for 
problem solving only. In that study, 42 patients undergoing colonoscopy screen- 
ing were examined with CT immediately before endoscopy. Data were inter- 
preted by two different radiologists using one of two methods. In method 1, ax- 
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ial 2D data sets were examined in a cine mode at a workstation. Only if findings 
were suggestive of an abnormality were those areas examined with MPR and 3D 
CT techniques in an attempt to differentiate residual fecal material and folds from 
polyps. In method 2, data sets were examined exactly as in method 1 and, sub- 
sequent to that review, data were examined with 3D "fly-through" endoluminal 
navigation and multiplanar reformatted images. Using method 1, the mean eval- 
uation time was 16 minutes. With method 2, the mean evaluation time was 40 
minutes. No additional polyps were detected with method 2. 

As experience with 2D imaging as a primary interpretation technique has in- 
creased, the time required to evaluate colonography data sets has decreased. The 
reason for this is that as reader experience in differentiating bulbous folds and 
residual fecal material from polyps increases, the frequency of MPR and 3D uti- 
lization for problem solving decreases. Also, workstations have faster processors 
and greater memory. A recent study evaluating multislice CTC in colorectal polyp 
detection using a primary 2D technique showed the mean time of CT data in- 
terpretation was 1 1 minutes (range of 7 to 20 minutes), with a median time of 
12 minutes for complete supine and prone evaluation (Macari et al. 2001c). In 
this study, CT sensitivity for polyps larger 10 mm was 93%. 

In general, examinations can be interpreted more quickly in well-prepared pa- 
tients with little residual fluid or fecal material in whom no polyps are present 
because MPR and 3D imaging for problem solving are required less frequently. 
Colons that are redundant or contain polyps and residual fecal material require 
longer interpretation times. 

Evaluation of the entire colon in 2D is facilitated by a workstation that allows 
a rapid scrolling or cine through the colon. Because the colon is not a straight 
tube but rather a tortuous redundant organ, it is imperative that up-and-down 
scrolling be performed so that the entire colon is evaluated. The easiest approach 
is to start in the rectum and proceed in a retrograde direction to the cecum. 

The layout of images on the screen is a user option. Some of our favorite 
choices are: 

1. Use a full-screen view of the axial image, paging with either a mouse (go 
slowly!) or a key to page one image at a time (Dachman et al. 1998). Toggle 
to MPRs or 3D as needed. 

2. A four-on-one view showing both supine and prone axial images simultane- 
ously (they can be synchronized and linked) with one MPR (usually a coro- 
nal view) at the same time (Macari et al. 2001). One can toggle to the 3D view 
as needed. Many software programs permit problem solving of multiple 
"bookmarked" areas all at once, at the end of your review. 

3. If your software will not show simultaneous prone and supine images, use 
4-on-l axial, coronal, sagittal, and oblique MPRs of one patient position at a 
time (Johnson et al. 2000). 

Another advantage of this approach is that you are guaranteed to see 100% of 
the scanned mucosal surface, unlike a primary endoluminal read in which some 
mucosa is obscured. 
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In summary, it appears that reliance upon a primary 2D interpretation tech- 
nique, with MPR and 3D imaging used for problem solving only, allows data to 
be interpreted in a time-efficient manner with excellent sensitivity (>90%) for 
polyps &10 mm (Dachman et al. 1998; Macari et al. 2001c, Johnson and 
Dachman 2000) (Figs 4.3 and 4.4). 
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Figure 4.3. Seventy-five-year-old man with an adenoma arising on a rectal fold. (A) Ax- 
ial CT scan of rectum shows 8-mm filling defect (arrow) suspicious for polyp. Note that 
the filling defect is homogeneous in attenuation without bubbles of gas or internal het- 
erogeneity. (B) Three-dimensional volume-rendered endoluminal image of the rectum con- 
firms the polypoid morphology of the filling defect (arrow). At colonoscopy, an 8-mm 
tubular adenoma was removed. 
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Figure 4.4. Value of multiplanar reconstructions. (A) Axial CT scan of sigmoid shows a 
9-mm lobular filling defect (arrow) suspicious for polyp in a moderately distended sig- 
moid colon with some muscular hypertrophy. (B) Coronal image shows that this has lin- 
ear morphology (arrow) consistent with an interhaustral fold. 
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Why 3D Imaging? 

Primary reliance on 3D "virtual colonoscopy" techniques has the appeal of truly 
simulating conventional colonoscopy. Several workstation vendors using either 
surface- or volume-rendered images are incorporating a centerline that the com- 
puter will generate automatically followed by a movie of the endoluminal view 
traversing this centerline. One can then navigate through the colon, either for- 
ward or backward, and stop to evaluate suspicious abnormalities. Optimization 
of review parameters such as threshold and lighting are software specifics and 
for the purpose of this discussion we will assume they have been optimized. 

Limitations are encountered when segments of the colon are not well distended 
and the centerline cannot be generated. On occasion, in overdistended segments 
the centerline may jump to an adjacent distended loop of large or small bowel. 
Moreover, most workstations that incorporate a 3D viewing technique do not en- 
sure that the entire colonic surface is evaluated. Another limitation of primary 
3D imaging (like primary 2D imaging) is that it cannot be used as the sole tech- 
nique for data evaluation. Using a 3D technique may result in many false posi- 
tives. Just as 3D imaging and MPR imaging are used for problem solving when 
2D imaging is the primary interpretation technique, so is 2D imaging used as a 
problem solver for 3D imaging (Macari et al. 2001). This is to aid in evaluation 
of attenuation characteristics of lesions as well as evaluation of filling defects 
that are mural or extrinsic in origin. Often lesions detected with 3D CTC tech- 
niques may have morphological features suggestive of a polyp or neoplasm. When 
these same areas are evaluated with 2D CT, however, a variety of normal struc- 
tures (including fecal material and extrinsic defects) may be found to have sim- 
ulated the abnormalities visualized with 3D rendering (Macari et al. 2001). Fi- 
nally, as stated above, the amount of time for data evaluation using these 3D 
techniques may limit its use in a clinical setting. Primary 3D imaging techniques 
need to become faster and more automated with ease of navigation before they 
can be relied upon as a primary viewing technique. 

Despite these limitations, it is possible that by evaluating 3D endoluminal im- 
ages, both antegrade and retrograde, smaller polyps (<5 mm) can be routinely 
detected. A recent study found that using axial images, as well as complete 3D 
endoluminal navigation in antegrade and retrograde directions in both the supine 
and prone positions, detection of polyps <5 mm was 59% (Yee et al. 2001). This 
compares favorably to a recent report in which 2D imaging was used as the pri- 
mary data interpretation technique (Macari et al. 2002). In this study, using a pri- 
mary 2D technique, less than 20% of the diminutive polyps were visualized. 
However, the detection of these diminutive polyps is of questionable clinical sig- 
nificance, especially if routine colon screening is to be performed on an interval 
basis (Macari et al. 2000; Glick et al. 1998). A recent study showed that the ma- 
jority (68%) of polyps <5 mm that were missed using a primary 2D technique 
were either hyperplastic polyps or normal colon at pathology (Macari et al. 2002). 
Thirty percent were small tubular adenomas. This underscores the point that colon 
screening is not a one-time event. However, it should also be stressed that colon 
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screening examination is 100% sensitive for these small polyps and they may be 
missed even at colonoscopy (Rex et al. 1997). 

How Should the Data Be Interpreted? 

Optimal evaluation of CTC data sets are facilitated by easy access to supine and 
prone images and 2D and 3D images. Several workstations allow both the axial 
supine and prone images to be displayed adjacent to each other. In a screening 
population where the prevalence of polyps is low, this may be the optimal ap- 
proach for data interpretation. Having easy access to both data sets assures that 
segments of the colon that are filled with fluid or incompletely distended on one 
data set are free of fluid and well distended on the other (Chen et al. 1999; Macari 
et al. 2001c) (Fig 4.5). In general, however, even in a screening population it 




Figure 4.5. Effect of positioning and redistribution of fluid. The image on the top shows 
supine image of the rectum with a large amount of residual fluid (arrow). The image on 
the bottom is the prone view of the same location showing all walls of the rectum with- 
out fluid because of redistribution. 
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Figure 4.6. Effect of changing window-level settings. The image on the top shows a prone 
CT image of the descending colon using wide W/L settings with filling defect suspicious 
for polyp (arrow). The image on the bottom shows the same location with narrow W/L 
settings. It can be seen that this has central hig ind therefore is not a polyp 
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will be necessary in a substantial percentage of cases to evaluate suspected ab- 
normalities visualized on 2D imaging. Therefore, in addition to the supine and 
prone axial data sets, quick interaction of suspected abnormalities with MPR and 
3D imaging to evaluate these areas is necessary. Moreover, being able to rapidly 
change window/level settings from wide to narrow facilitates data interpretation 
(Fig 4.6). 
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Below is an overview of the appearance of the normal colon and how to dif- 
ferentiate residual fecal material, bulbous folds, and polyps using a combination 
of 2D and 3D techniques. These issues are dealt with in part 2 of this atlas as 



Normal Colon 

Adequate insufflation with gas (either room air or CO2 gas) results in a well- 
distended colon. Depending on the degree of distension, the appearance of the 
normal colonic lumen will vary with 3D rendering. The mucosa will appear rel- 
atively featureless if the interhaustral folds are completely effaced by the pres- 
sure of the gas (Fig 4.7). This featureless appearance is more often detected in 
the descending colon and rectum where the haustra are relatively sparse (Black- 
stone 1984). In the cecum, as well as the ascending, transverse, and sigmoid 
colon, thin curvilinear interhaustral folds will be visualized either randomly ori- 
ented or evenly spaced along the colonic surface. The colon wall typically has a 
circular contour when well distended (Fig 4.7). In the transverse colon, the ap- 
pearance on the endoluminal view may be more triangular in configuration 
(Blackstone 1984) (Fig 4.8). 




Figure 4.7. Normal endoluminal view of sigmoid/descending colon junction. In the fore- 
ground the folds are effaced by the pressure of the distension, giving a relatively fea- 
tureless appearance. In the more distal aspect of this view, several delicate folds are vi- 
sualized (arrow). 
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Figure 4.8. Normal endoluminal view of the transverse colon. The 
ally has a triangular appearance. Mote interhaustral folds (arrow). 



Regardless of the method of the primary reading, a 3D barium-enema-like view 
is ideal for display of the polyp location and measurement of distance from the 
anal canal. Also, the measurement of polyp size is best done using the 2D data. 
This is important because size threshold may determine whether the radiologist 
recommends follow-up vs colonoscopy. 

If the colon is not properly distended, 3D endoluminal visualization will be 
limited and adequate rendering may not be possible (Fig 4.9). Inadequate dis- 
tention most often occurs in the sigmoid, especially when there is muscular hy- 
pertrophy and severe diverticular disease. In some cases, it may be impossible 
to evaluate this region. Flexible sigmoidoscopy or colonoscopy should be rec- 
ommended, depending on the portion of bowel not adequately evaluated by CT. 

When evaluating the colon with a 3D endoluminal technique, a circumferen- 
tial constricting neoplasm may be difficult to distinguish from a collapsed seg- 
ment (Fig 4.10). Visualization of an irregular, nonsmooth surface may be the 
only clue to the presence of such a lesion. 

It is often easier to recognize the lesion with 2D imaging, either axial or MPR 
images. When a neoplasm is identified, a search for adenopathy (on soft-tissue 
windows) and liver metastases (on narrow windows) should be performed. In ad- 
dition, polyps are more difficult to perceive in collapsed segments. 

In general, adequate distension is recognized by obtaining a scout image after 
colonic insufflation. If distension appears adequate, the patient is scanned. After 
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Figure 4.9. Endoluminal view of collapsed colon. When the colon is collapsed, endolu- 
minal navigation is impossible. This view shows colon is occluded from collapse (arrow). 
Please compare to Fig 4.10. 

the data set is obtained, the degree of distension is better appreciated on 2D im- 
ages than on 3D images. Several workstations allow a simulation of a double- 
contrast barium enema image, which allows a quick overview of how well the 
colon is distended to facilitate polyp location (probably with greater accuracy 
than colonoscopy). 



Residual Fecal Material 

The major interpretative pitfall with either 2D or 3D evaluation is mistaking re- 
sidual fecal material for a polyp or neoplasm. The colon needs to be rigorously 
cleansed prior to CTC. However, even in compliant patients, small amounts of 
residual fecal material may persist. There are a number of techniques that facil- 
itate differentiation of residual fecal material from true polyps. Most fecal debris 
will remain on the dependent surface of the bowel when the patient is moved 
from the supine to the prone position (Fig 4.11). On occasional, howeer, fecal 
material will be adherent to the wall and will not change position. In these cases, 
differentiation of polyp from fecal material is facilitated by the acquisition of 
thin-section CTC. 

To obtain thin-section CTC, a multidetector-row CT scanner is necessary. 
The main advantage of performing CTC with thin sections (either 4- X 1- or 
1.25-mm slices) is that near isotropic voxels are available for data review. De- 
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Figure 4.10. Sixty-five-year-old man undergoing virtual colonoscopy with partially con- 
stricting adenocarcinoma. (A) 3D endoluminal view of sigmoid colon shows irregular 
folds in the colon (long arrows). Note rectal catheter in background (short arrow). (B) 
Sagittal image shows better the "apple-core" appearance of the neoplasm (arrow). 
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Figure 4.11. Mobile filling defect consistent with stool (arrow). The axial CT image on 
the left shows a small round filling defect in the transverse colon on the dorsal surface 
(arrow). When the patient is turned prone (right), the filling defect is now noted to be on 
the ventral surface (arrow). 
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pending on the field of view used, the z-axis pixel dimension (1 mm) is only 
slightly greater than the x- and y-axis pixel dimensions. We have found that the 
major advantage of thin-section multidetector-row CT has been a decreased num- 
ber of false positive studies. The majority of false positive findings at CTC are 
due to poor patient preparation, poor colonic distention, and bulbous haustral 
folds (Fletcher et al. 2000; Yee et al. 2001; Hara et al. 2001). A high false pos- 
itive rate may decrease the utility of virtual colonoscopy, as many unnecessary 
colonoscopies will be required. When compared to thicker slices, the potential 
advantages of obtaining near isotropic voxels for CTC include improved mor- 
phological analysis of suspected lesions seen on axial images, much better z-axis 
resolution for multiplanar reformats and 3D viewing, and better evaluation of in- 
ternal attenuation (gas bubbles, areas of high density, or homogenous soft-tissue 
attenuation) within detected filling defects (Fig 4.12). Because there is less vol- 
ume averaging within a thin-collimation CT slice when compared to thicker sec- 
tions, detection and visualization of small bubbles of gas or high-attenuation 
material within detected filling defects is facilitated. The finding of internal het- 
erogeneities (either high or low attenuating) within the central portion of small 
colonic filling defects is consistent with residual fecal material rather than polyps 
(Fig 4.6). 

It must be stressed that both 3D (surface and volume) rendering techniques 
currently in use for endoluminal display are not sensitive to the presence of this 
air or high-attenuation material; however, air and high-attenuation material are 
readily apparent on the 2D images (especially with narrow window-level set- 
tings), underscoring the need to correlate 2D and 3D information. Residual bar- 
ium within the fecal material may help differentiate stool from neoplasms. There 
is currently interest in developing orally ingested bowel preparations that would 
"label" residual fecal material with barium, potentially aiding in the differentia- 
tion of stool from polyps (Fenlon et al. 1999). 

In addition to mobility and internal attenuation characteristics, morphological 
analysis can be helpful in differentiating residual fecal material from polyps. 
Polyps and small tumors have round or lobulated smooth borders, whereas re- 
sidual fecal material often contains irregular geometric angled borders and edges. 
By utilizing thin-section CT, the smooth or geometric morphology of a filling 
defect can be better investigated on both 2D and 3D endoluminal views. Rec- 
ognizing these features of adherent fecal material should decrease the false pos- 
itive rate. 

Bulbous Folds 

A second major pitfall of CTC interpretation is differentiating bulbous irregular 
folds from polyps. Improved z-axis resolution with thin-section multidetector- 
row CT facilitates differentiation of bulbous folds from polyps. On axial review, 
a bulbous fold may appear as a pedunculated polyp (Fig 4.4). However, careful 
inspection of MPR and endoluminal images usually allows differentiation of lin- 
ear (fold) morphology from true polypoid morphology. While polypoid mor- 
phology on 3D imaging may represent stool or a polyp (Figs 4.3 and 4.5), lin- 
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Figure 4.12. Primary 3D read with 2D problem solving in a dependent, 58-year-old man 
undergoing virtual colonoscopy. (A) 3D endoluminal view shows a polypoid-filling de- 
fect in the transverse colon (arrow). Differential diagnosis includes polyp and residual 
stool. (B) Axial CT image shows small bubbles of gas centrally within filling defect, con- 
firming residual fecal material (arrow). 
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Figure 4.13. Diverticulum on endoluminal view (left) shows a complete ring around the 
diverticulum (arrow). The image on the right confirms the colonoscopic view of the same 
diverticulum (arrow). Compare its appearance with the polyp in Fig 4.3, where there is 
not a complete ring. 

ear morphology is indicative of a fold. On occasion, bulbous folds can be diffi- 
cult to differentiate from polyps. If there is concern, and the lesion is of sub- 
stantial size (as measured on the 2D image), colonoscopy is recommended for 
differentiation in these cases. 



Diverticula 

Diverticula may simulate polyps on 3D endoluminal displays (Fig 4.13A). A di- 
verticulum will be noted to have a dense ring around it identifying the orifice 
(Macari et al.; Fenlon et al. 1998). In contrast, a polyp does not have a complete 
ring shadow surrounding it, as it is a raised structure (Fig 4.13B). When a di- 
verticulum is impacted with fecal material, it may appear raised, mimicking a 
polyp. In these cases, 2D imaging is necessary to show both the higher density 
within the impacted diverticulum as well as the portion of the diverticulum ex- 
tending outside the colonic wall. 



Ileocecal Valve 

Three appearances of the normal ileocecal valve have been characterized by 
colonoscopists: a papillary type, with a dome-like protrusion with its mouth at 
the apex; a labial type, appearing as a slightly raised fold with the mouth sepa- 
rating the fold margins; and an intermediate type (Blackstone 1984). Differenti- 
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ating the valve from neoplasm is usually not difficult because the valve has a 
characteristic location. However, the morphological appearance of the ileocecal 
valve at 3D CTC may be similar to that of a polyp or neoplasm. Two- 
dimensional axial or MPR evaluation allows the terminal ileum to be evaluated, 
which can then be followed directly to the valve (Fig 4.14). Often, the ileocecal 
valve contains adipose tissue, facilitating its identification. 




Figure 4.14. Ileocecal valve. (A) 3D endoluminal view shows polypoid-filling defect in 
the cecum (arrow). Morphology is most consistent with the ileocecal valve. However, 
masses can occur on or near the valve, so 2D confirmation is helpful. (B) Coronal CT im- 
age shows terminal ileum entering the cecum at this level, confirming ileocecal valve (ar- 
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Extrinsic Defects 

Any organ or structure that is outside the colon can cause external compression 
of the bowel. Because extrinsic structures usually compress the colon along a fo- 
cal area of the distended colon, they do not appear as occlusive lesions. Rather, 
when evaluated from an endoluminal 3D perspective, these external structures 
compressing the wall may appear to represent focal neoplasms. We have noted 
external compression from the liver, other loops of bowel, the psoas muscle, and 
aorta. Similar external compression effects may be detected related to the spleen 
and kidneys. These external compressions may be more common in thin patients, 
underscoring the need for 2D correlation whenever an abnormality is detected 
on 3D. 



Future Developments 

See Chapter 6 for novel display techniques and chapter 8 for computer-aided 
diagnosis. 



5 

Patient Preparation 



As is the case with many radiological examinations, computer tomography (CT) 
colonography (CTC) requires adequate preparation of the patient prior to imag- 
ing to achieve its full diagnostic potential. Properly performed, the preparatory 
steps of CTC contribute to high sensitivity for detection of polyps and can be 
obtained with a minimum of patient discomfort. In this chapter, we will focus 
on two topics central to achieving a high-quality exam: patient education and 
bowel preparation. Our review will include methods currently employed to 
achieve these ends, as well as a discussion of research aimed at improving them. 
Throughout this chapter, we will emphasize practical aspects of patient prepara- 
tion that can improve both patient comfort and the quality of colonography 
images. 



Patient Education 

Patients often experience considerable anxiety as they approach colon examina- 
tions, in part due to their expectation of perceived embarrassment and discom- 
fort (Weitzman 2001). This expectation of discomfort contributes to the relatively 
low compliance rate of individuals for recommended colon cancer screening reg- 
imens (Brown et al. 1990). Therefore, steps that reduce patient anxiety and im- 
prove patient comfort will likely contribute to the larger goal of improving com- 
pliance for colon cancer screening. For the individual patient, the clinician can 
provide information to appropriately set the patient' s expectations about the pro- 
cedure, thereby contributing to the ease of performance and quality of the exam. 
As a first step to reducing anxiety, the clinician can assure the prospective pa- 
tient that CTC is easily tolerated. For the vast majority of patients, CTC is as- 
sociated with no or at most mild discomfort (Fenlon et al. 1999). Eighty-two per- 
cent of patients surveyed in a clinical trial comparing CTC to colonoscopy who 
reported a binary preference for one exam chose CTC over endoscopy, despite 
the fact that colonoscopy is performed with intravenous (IV) anesthetic and am- 
nesic medications while CTC is not (Svensson et al. 2001). Seventy percent of 
patients in the same trial reported the discomfort associated with CTC as "not 
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unpleasant" or "slightly unpleasant" (Svensson et al. 2002). In addition, because 
no conscious sedation or monitoring is required, there is no need for an IV line 
to perform CTC. While compared to other interventions the placement of an IV 
line may seem trivial, it is important to remember that the majority of individu- 
als for whom screening is recommended are otherwise healthy, and every 
inconvenience may be construed as a potential contributing factor for poor 
compliance. 

While easily tolerated, CTC is not completely pain free for all individuals. Ap- 
proximately 5% of patients report some degree of bowel cramping with insuf- 
flation of the colon. In our experience, this is associated with moderate discom- 
fort at most. In all instances, the cramping resolves spontaneously within 1 to 2 
hours. Unfortunately, little data are available for either first-encounter or return- 
ing patients to predict which will experience cramping discomfort. In a 4-year 
experience with over 200 exams, we have yet to observe severe or debilitating 
discomfort associated with CTC as reported by our patients. 

As both the CT and magnetic resonance imaging (MRI) versions of colonog- 
raphy involve high-resolution imaging of the abdomen, some form of breathing 
suspension is required for each (Fenlon et al. 1999; Luboldt et al. 1998; Debatin 
et al. 1999; Fletcher and Luboldt 2000). In the case of CTC, the length of breath 
suspension depends on the size of the patient and the type of scanner employed. 
For a typical adult, the superior-to-inferior coverage required to image the colon 
is approximately 36 cm. If performed on a multidetector helical scanner, this 
translates into an acquisition time of approximately 20 seconds per prone or 
supine series. For the majority of patients, 20 seconds is an acceptable length of 
time to hold one's breath. For single-detector helical scanners, this scan length 
is usually unacceptably long for a single-breath hold (greater than 30 seconds). 
When performing CTC on single-detector scanners, several investigators have 
achieved high-quality examinations by instructing patients to suspend breathing 
only for the first portion of each exam series and to resume spontaneous breath- 
ing as they see fit (Dachman et al. 1998; Fenlon et al. 1999). If the scan proto- 
col begins near the liver dome and continues inferiorly, the result of the tempo- 
rary breath suspension instruction is that breathing artifact is reduced for portions 
of the colon near the diaphragm. As scanning continues into the pelvis and the 
patient resumes breathing, images of the inferior portions of the colon are rela- 
tively unaffected by shallow diaphragmatic excursion. 

Scan protocols for MRI colonography are typically designed around either ex- 
tremely fast, non-breath-hold sequences, such as the single-shot turbo spin echo 
protocol, or a series of gradient Ti- and turbo spin echo Ti-weighted sequences 
(Luboldt et al. 1998; Debatin et al. 1999; Motrin et al. 2001). In each case, imag- 
ing sequences are designed with scan times less than 25 seconds per series, an 
acceptable duration for most patients. Hence, for current protocols of colonog- 
raphy involving both CT and MRI, patients can be reassured that they will not 
have to endure prolonged or anxiety-provoking suspension of breathing. 

Patients can also be informed that the typical CTC is a brief procedure. In our 
experience, once the patient is changed and escorted to the scanner room the 



exam can be completed within 15 minutes. Most of this time is used in the place- 
ment of the rectal tube and insufflation of air into the colon. As described briefly 
above, the image acquisition sequences are relatively short, and there is no re- 
quired recovery period, per se, following the exam. The result is that most pa- 
tients can expect to be fully functional immediately after the procedure. Patients 
should be able to drive and may return to home or work without observation or 
convalescence. 



Bowel Preparation 

The current technique for CTC requires the patient to undergo a physical purg- 
ing of the bowel before imaging. This is typically accomplished by one of two 
means, both of which involve the oral ingestion of cleansing agents. It should 
not be forgotten that patients find this process unpleasant. The bowel prepara- 
tion contributes to the relatively poor compliance of individuals in the United 
States for colon screening programs (Brown et al. 1990; Weitzman 2001). As we 
shall discuss below, in response to this observation, there are efforts underway 
to modify the duress of the pre-exam bowel preparation. 

In the so-called "wet prep," patients are asked to ingest approximately 4 L of 
a high-osmolality solution of polyethylene glycol electrolyte (PEG). The PEG is 
formulated to be nonabsorbable, and, hence, it draws fluid into the bowel, re- 
sulting in a physical purge. Ingestion begins the night before the procedure and 
typically lasts several hours. The nonabsorbed PEG solution mechanically flushes 
the bowel of its ingested contents effectively, and for this reason this agent has 
been used extensively in many centers as the standard preparation preceding ab- 
dominal surgery and lower endoscopy. However, in equal measure to its effec- 
tiveness at bowel cleansing, PEG causes patients to experience diarrhea. Patients 
frequently report that their discomfort and displeasure associated with the bowel 
prep equals if not exceeds their discomfort associated with the actual colon 
examination. 

In contrast, the "dry" method relies on the cathartic action of pharmaceutical 
agents, including magnesium citrate, bisacoydl sodium, and phospha-soda, and 
is commercially available in a number of different preparations. Here, the patient 
ingests a combination of pills and suppositories starting the night before the exam, 
and the action of these agents promotes a physiologic purging of the bowel. The 
result is also an effective purging of the colon. As a result of this cathartic ac- 
tion, in addition to diarrhea, some patients report bowel cramping with the wet 
prep. However, in contrast to the wet prep, much less material must be ingested 
to effect complete cleansing. 

To date, there is little published data evaluating the effect of preparation type 
on the diagnostic performance of CTC for detection of polyps. Macari et al. com- 
pared the amount of residual fluid present in the bowel using the wet vs dry tech- 
niques and observed that the dry method results in less retained fluid (Macari, 
Pedrosa, and Lavelle et al. 2001). The significance of this finding relates to the 
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fact that unopacified bowel fluid and colonic polyps have essentially the same 
density. Therefore, by submerging polyps large amounts of unopacified fluid 
within the bowel may obscure polyps along the dependent surface of the dis- 
tended colon. CTC is performed with both prone and supine acquisitions in part 
to address this problem. Fluid obscuring a lesion along one surface of the colon 
will be displaced on the other acquisition, in theory permitting clear evaluation. 
In principle, the use of the complementary prone and supine views in CTC is no 
different from the use of decubitus views of the colon in performing barium en- 
emas. In CTC, both views are often critical to assessment due to variations in 
bowel distention in the two series. For example, in the sigmoid colon it is some- 
times difficult to obtain adequate bowel distention and, as a result, optimal eval- 
uation may only be possible on one series. Hence, if a large amount of fluid hin- 
ders evaluation of a region of colon in one view it may compromise the 
radiologist's ability to evaluate it with confidence. As a result, some centers avoid 
the wet preparation. 

However, balanced against this potential disadvantage for the wet preparation 
is the fact that, if performed incompletely, the dry preparation can result in large 
amounts of retained fecal material. Desiccated fecal material can confound the 
radiologist's interpretation by mimicking the morphology of true polyps (Fletcher 
et al. 2000). Although a careful inspection of the cross-sectional density of a sus- 
pected lesion will usually reveal microbubbles of air in the case of a fecal 
pseudolesion, this inspection can be time consuming, especially if a large amount 
of retained material is present. Head-to-head comparison of the prep types is 
planned as part of an upcoming multicenter trial of CTC. Until a clear consen- 
sus emerges, it is advisable to educate patients as to the importance of the bowel 
preparation to promote compliance. Detailed evaluation of the colon is markedly 
diminished in the setting of an unprepped colon. 

In addition to purgation cleansing of the bowel, diet modification has been 
employed to improve the quality of the preparation. In particular, it is common 
practice to advise patients to consume a low-residue diet for the 48 hours prior 
to exam. Foods containing large amounts of fiber, such as undercooked meats, 
fresh fruits, and vegetables, are to be avoided in favor of well-cooked items. This 
instruction derives from the extensive experience obtained with barium enemas 
and colonoscopy and is incorporated into the instructions of several commer- 
cially available dry preparations. There appears to be less of a requirement for 
diet modification with the wet prep, as the mechanical purging suffices to re- 
move the ingested material from the colon. For both wet and dry preparations, 
patients should be encouraged to avoid ingesting solid food beginning the evening 
before the examination. On the morning of CTC, once the prep has essentially 
been completed, patients should be encouraged to adhere to a clear liquid diet 
until after the exam is finished. For patients with insulin-dependent diabetes, we 
follow the common practice of advising patients to reduce their morning insulin 
dose the morning of CTC; the examination should not precipitate problems with 
blood glucose control. In addition, as a courtesy and comfort measure, patients 
should be offered the chance to empty their bowel just prior to imaging. Several 



investigators have observed that on occasion the purging effects of both types of 
preps persist into the morning of the exam (Dachman et al. 1998; Fenlon and 
Ferrucci 1999). Some patients may be too embarrassed to mention this to the ra- 
diology staff at the scanner, but are nonetheless appreciative of the chance to re- 
lieve any pressure before air is insufflated into the colon. Immediately follow- 
ing image acquisition, all patients can return to their regular diet. 

As a means to reduce the duress of pre-exam bowel preparation, several in- 
vestigators have explored the possibility of replacing the purging process with a 
fecal tagging process, exploiting the fact that excellent oral-contrast agents exist 
for CT imaging. With this approach, patients are asked to ingest small aliquots 
of contrast with meals and snacks prior to imaging; this contrast material replaces 
the purging agents described above. The primary goal of this method is to thor- 
oughly mark the ingested contents of the bowel so they appeal" distinct on sub- 
sequent CT images. Soft-tissue structures such as polyps and haustral folds do 
not absorb contrast material and so remain distinguishable because of their lower 
soft tissue density. Vining et al. (2001) reported on the use of barium agents in- 
gested the morning of CTC in conjunction with a modified purging preparation. 
Callstrom et al. (2001) also reported on colonography using barium for fecal taj 
ging but without the use of a purgative. Callstrom et al. (2001) observed that tag- 
ging of the ingested bowel contents is improved if the contrast regimen is in- 
gested in divided doses starting 48 hours before imaging. In a limited cohort, 
they observed a sensitivity of 100% for detection of colonoscopically confirmed 
polyps >1 cm. Zalis and Hahn (2001) reported on the use of low-osmolar iodi- 
nated contrast agents, observing a statistically significant reader preference and 
an improved prep homogeneity when compared to barium agents. 

It should be noted that with these techniques the 3D evaluation of the colon 
is limited by the presence of the opacified bowel contents and fluid. This endo- 
luminal view of the colon mucosa is often useful as a means to evaluate inde- 
terminate structures (Dachman et al. 1998; Beaulieu et al. 1999; McFarland et 
al. 2001). 

Combining the use of tagging agents with a software-based removal of this 
material, Zalis and Hahn (2001) reported results of a process dubbed digital sub- 
traction bowel cleansing. In this technique, specialized image processing algo- 
rithms remove the marked colon contents from the CT images as a postprocess- 
ing step, in effect cleaning the images rather than the patient. One potential 
advantage of this approach is that the 3D endoluminal evaluation of the colon is 
preserved for problem solving. In addition, the visually distracting tagged colon 
contents are removed from view during screening evaluation of the multiplanar 
images. In preliminary data obtained in a limited, enriched cohort of patients, 
two independent readers correctly identified all colonoscopy-confirmed polyps 
lower than 1 cm, suggesting performance comparable to standard CTC (Zalis et 
al. 2000; Zalis and Hahn 2001). 

Investigators have also explored modifying the pre-exam bowel preparation 
for MR colonography. Lauenstein et al. (2001) recently employed a regimen of 
barium ingested prior to imaging to quench the signal of ingested colon contents. 
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Used in combination with a tap water enema and IV gadolinium contrast, the 
barium admixture renders the ingested colon material dark against a background 
of brightly enhancing colonic mucosa. In a limited cohort, these investigators ob- 
served an overall sensitivity of 91% for detection of colonoscopically confirmed 
polyps. 

The results of all these studies are encouraging, but at the time of this writing 
no large trial has yet been conducted that conclusively demonstrates the effec- 
tiveness of these approaches in a screening population. Hence, these preliminary 
data point toward a promising avenue of research, but they require further vali- 
dation before being accepted as guidance for standard practice. 



Conclusion 

In addition to possible cost savings and time efficiency, the usefulness of CTC 
lies in part with its potential to improve the patient's experience before and dur- 
ing colon examination. By educating patients to develop an appropriate set of 
expectations about the exam, the radiology staff can help reduce the anxiety ex- 
perienced by many patients approaching colon evaluation. The importance of 
these matters cannot be overstated. Good patient preparation is essential for the 
acquisition of high-quality CTC images and requires active compliance on the 
part of the patient. Several lines of research are being pursued to reduce the duress 
of the pre-exam cleansing, and, in the near future, a combination of fecal tag- 
ging and electronic cleansing may replace the current regimen. 



Advanced 3D Display Methods 



Christopher F. Beaulieu, David S. Paik, Sandy Napel, 
and R. Brooke Jeffrey, Jr. 



With conventional 2D computed tomography (CT) sections, polyps may be dif- 
ficult to detect and, conversely, normal structures such as haustra may appear 
polypoid and be mistaken as pathology. This provides the rationale for 3D dis- 
plays such as virtual endoscopy, which depicts more intuitively the topographi- 
cal features of the colon. At the same time, 3D displays in and of themselves are 
insufficient to fully characterize a suspected polyp because CT attenuation val- 
ues provide clues as to whether an area represents soft tissue or fat, or if the area 
contains gas as often found in foci of retained stool. 

Although it is widely accepted that both 2D and 3D displays reveal important 
features for polyp diagnosis (Dachman et al. 1998), there is not yet a consensus 
on which 2D or 3D viewing modes provide for the most accurate and efficient 
diagnosis. Moreover, advances in image processing and computer graphics have 
led to a multitude of advanced 3D displays that go beyond "conventional" vir- 
tual endoscopy, defined as the 3D view created when a single virtual camera is 
positioned inside the colonic lumen. 

This chapter describes the concepts and potential advantages of these advanced 
viewing modes. We begin with a brief description of virtual camera navigation 
and perspective rendering principles, then illustrate several advanced viewing 
modes, based both on "optical" unraveling of the colon and on "tomographic" 
unraveling. 



Navigation and Perspective Rendering 

A CT colonographic dataset is a 3D array of voxels, each of which is character- 
ized by its spatial (x,y,z) location and attenuation value. Because the array does 
not possess a priori information as to which voxels belong to the colon, some 
process of identifying the colon within the array is necessary before virtual en- 
doscopic viewing becomes possible. An experienced observer can perform this 
localization visually, relying on anatomic knowledge and attenuation cues. With 
appropriate computer software, one can also select a local area within the colon 
to serve as a position for the virtual camera. In addition, one can point the cam- 
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era in a chosen direction toward the colonic wall or along the lumen. Once po- 
sitioned and oriented, 3D graphics software is used to render the colonic surface 
with a rendering algorithm such as shaded surface display (Lorensen and Cline 
1987) or volume rendering (Johnson et al. 1996; Rubin et al. 1996). While a de- 
tailed description of 3D rendering algorithms is beyond the scope of this chap- 
ter, it is useful to further discuss navigation through the volume and virtual cam- 
era field of view (FOV). 

Once a virtual camera is positioned at a particular voxel, moving the camera's 
position to another voxel will result in a new 3D rendering of the surface. Se- 
quential movement of the camera along the colon amounts to navigating its 
course, wherein the goal is to view the surface in an animated, fly-through for- 
mat. Various research groups have developed software packages that make this 
process a semiautomatic, preprocessing step (Paik et al. 1998; Reed and John- 
son 1997; Samara et al. 1999; Lorensen et al. 1995). While specific implemen- 
tations differ, most of these algorithms perform an initial segmentation of the 
air-attenuation colon voxels by nearest-neighbor connectivity (Cline et al. 1987), 
followed by a scheme to compute a path along the axis of the colon along which 
to drive the virtual camera (Fig 6.1). Designing a program to compute a path that 
is centered in the colon is difficult, but the utility of a central axis path is much 
higher than that of a shortest-distance path. One advantage of a central axis path 
is that it centers the viewing frustum (the conical "visual field") of the virtual 
camera, whereas the shortest-distance path tends to hug the colon walls, espe- 
cially around curvatures. This latter effect is not only visually unappealing, but 
may reduce the amount of colon surface actually depicted during an endoscopic 
fly-through. Another advantage of generating a central axis path is that the path 
points serve as the basis for further image processing and analytic tools. For ex- 
ample, path points may serve as the axis of rotation for generation of tomograms 
that can be instantaneously perpendic-ular or parallel to the path. These refor- 
matted tomograms can be used for image viewing directly or used to create a 
new volumetric dataset for 3D rendering, as discussed later. 

Some newer commercial software packages enable flight through the colon 
without explicit computation of a central axis path. In some cases, these pro- 
grams employ collision detection schemes to avoid too close an approach of the 
virtual camera to the colon wall. 

By tradition, 3D rendering has used parallel rays cast through the imaging data 
to generate an image. With this approach, moving closer to the data amounts to 
magnification, at the expense of the orientation of the viewer. With perspective 
graphics, nonparallel, divergent rendering rays are used. This allows the viewer 
to more closely approach the object without losing orientation and enables ef- 
fective viewing of the dataset from within, as opposed to being limited to exter- 
nal viewpoints. The viewing frustum of the camera is the pyramidal area of space 
within view and the solid angle of an object about a point is defined as the sur- 
face area of a unit sphere centered on the point that is subtended by the object. 
By varying the degree of divergence of the rendering rays, perspective virtual 
cameras effectively change their viewing frustum, or FOV, analogous to switch- 
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Figure 6.1. Navigation and centerline path. The air-containing colon from a 3D CTC 
dataset has been segmented, as represented by the point cloud. A computer algorithm has 
been used to create a centerline path, and the centerline is used to position and orient the 
virtual camera, as illustrated by the bounding box and rays cast along the colon. 

ing lenses on a conventional camera. A 60° FOV virtual camera displays only 
8.3% of the solid angle available for viewing, thereby missing over 90% of the 
available solid angle. Increasing the FOV to 180° only visualizes half of the sur- 
rounding solid angle. By using two diametrically opposed 180° FOV cameras, 
the entire solid angle can be visualized. However, wide-angle lenses suffer in- 
creasing geometric distortion with increasing FOV, thereby limiting useful FOV 
to 80° to 100° for a single camera (Fig 6.2) (Paik et al. 2000). 

Depending on the specifics of the computer graphics system used (Wax et al. 
2001), the percentage surface visual-ization for both single-direction and bidi- 
rectional 60° FOV cameras may be relatively low (approximately 75% of the to- 
tal surface [Paik et al. 2000]) and therefore lead to missed polyps because por- 
tions of the surface are not displayed to the observer (Beaulieu et al. 1999). 

Another limitation of virtual colonoscopy using a reasonably nondistorting 
FOV is that the virtual camera must constantly be panned to maximize the per- 



56 Chapter 6. Advanced 3D Display Methods 




Figure 6.2. Single-camera virtual endoscopy. At a FOV of 60° (A), haustral folds proj- 
ect into the lumen, limiting visibility. At 120° (B) and 170° (C), perspective distortion 
occurs, effectively limiting the upper limit on camera FOV to around 100°. (Used with 
permission from Paik et al. 2000.) 



centage of total solid angle visualized. This panning must also be done to visu- 
alize in between haustral folds, which tend to limit the view of the colonic sur- 
face by occluding the view behind them (Fig 6.3). In fiber optic colonoscopy, 
the tip of the colonoscope can be manually diverted to look in between each fold. 
However, to do this in virtual colonoscopy requires hardware and software ca- 
pable of real-time rendering as well as considerable operator time and skill. 

The limitations in surface viewing and perspective distortion were the main 
motivations for developing alternative approaches to virtual endoscopy that uti- 
lize multiple, midrange (—60°) FOV virtual cameras with different orientations 
to display as much as the local colon topology as possible. 
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Figure 6.3. Limited visibility of single-camera virtual endoscopy. Segment of colon de- 
picted on axial CT image with camera position and viewpoints depicted by arrows. Ar- 
eas in between haustral folds (*) may not be fully visualized due to limitations in cam- 
era FOV and viewing angle. (Used with permission from Paik et al. 2000.) 



Panoramic Viewing and Map Projections 

An optimal viewing method for virtual colonoscopy would be one that includes 
a minimally distorting graphics projection while visualizing the entire surface of 
the colon. One fairly obvious extension of single-camera virtual colonoscopy is 
to create a montage view using multiple cameras pointed in different directions. 
Figure 6.4 illustrates one such view, created when a single central camera (60° 
FOV) is surrounded by eight additional cameras oriented at angles of 60° with 
respect to the centerline path (Sheikh et al. 1998). In the extreme condition which 
the peripheral cameras are oriented at 90° to the path, one obtains a panoramic 
view of a strip of surrounding colon (Beaulieu et al. 1999). An illustration of the 
viewing directions is shown in Figure 6.5A and an example of a panoramic colon 
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Figure 6.4. Virtual cockpit. A total of nine 

angle viewing method without perspective distortion. 



view is shown in Figure 6.5B. To view the entire colon, one creates a movie of 
sequential panoramic views from each path point. The advantage of the panoramic 
projection is that it maximizes visibility of the colon in between haustral folds. 
The main disadvantage is that it is difficult to anticipate lesions that may be com- 
ing into the viewing area, as the view only extends over ~3 to 4 cm along the 
path at any given path viewing point. 

Conceptually, translating the colon (or a spherical viewing area centered at 
any point in the lumen) onto a flat viewing surface is similar to that faced by 
mapmakers desiring to visualize the surface of a sphere (e.g., the Earth) mapped 
onto a flat surface. Elegant solutions to this problem were initially conceived by 
Ptolemy in the second century ad. 

There are three major classes of map projections: planar, cylindrical, and conic 
(Paik et al. 2000; Robinson 1995; Snyder 1993). These are the projections of the 
surface of the globe from a single point inside the globe onto various surfaces 
that are easily transformed to the plane. Conic, cylindrical, and planar projec- 
tions result from projecting onto a cone, cylinder, or plane, respectively. The 
360° panoramic cameras used to photograph landscapes are best modeled by 
cylindrical projections. These cameras capture 360° of landscape surrounding the 
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Figure 6.5. Panoramic virtual endoscopy. (A) Schematic of virtual camera viewing di- 
rections. Six cameras are oriented perpendicular to the centerline path, at 60° angles with 
respect to one another, creating six images of the surrounding colon wall, illustrated by 
segments 1-6. When knitted together, a circumferential view of the colon is created, as 
illustrated in the lower portion of the figure. (B) Example of panoramic endoscopy with 
six virtual cameras. Enlargement from the upper panel shows a 10-mm polyp (arrowhead). 
(Used with permission from Beaulieu et al. 1999.) 
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Figure 6.6. Mercator projection virtual endoscopy. (A) A total of 18 camera renderings 
have been knitted together to depict normal colon morphology. (B) Mercator projection 
from another segment of colon shows several polyps (arrows). (See color insert) 
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camera by focusing light onto a cylindrical piece of film as the aperture is ro- 
tated. The simplest type of cylindrical projection is the equirectangular projec- 
tion, where lines of latitude and longitude are mapped directly to an equirectan- 
gular grid. Another well-known cylindrical projection is the Mercator projection, 
which projects the surface of the globe onto a tangent cylinder from the center 
of the globe (Fig 6.6; see color insert). Attractive features of the Mercator pro- 
jection are preservation of aspect ratio across the field (i.e., like stereographic 
projection, spheres are projected as circles) and that all objects are displayed with 
minimum distortion at the equator (horizontal line bisecting the image). How- 
ever, the poles of the globe are mapped infinitely far away on the map. 

Both panoramic and map projections have been compared with axial CT and 
single-camera virtual endoscopy by our group (Paik et al. 2000; Beaulieu et al. 
1999). In these blinded reader trials using simulated polyps, we found that the 
3D modes led to higher detection sensitivity than the axial, 2D mode. 

Tomographic Colon Unraveling 

Whereas the map projections described above utilize a number of virtual cam- 
era views knitted together to increase the amount of colon surface visualized, it 
is also possible to straighten and flatten the colon by reformation of the axial CT 
data. In its simplest form, tomograms perpendicular to the central axis of the 
colon are generated at intervals along the path. These reformatted tomograms are 
then stacked together into a new volume. The new volume may be visualized as 
cylindrical or further flattened into a view that appears similar to the colon at 
gross pathologic examination, leading to the term "virtual gross pathology" (Fig 
6.7; see color insert). A significant limitation of reformations instantaneously per- 
pendicular to the central colon path is that under- or oversampling of the wall 
voxels may occur in flexures, leading to skipped areas of the wall or duplication 



Figure 6.7. Virtual gross pathology. Reformatted tomograms along the colon centerline 
were used to create a new 3D volume, which was subsequently flattened and volume ren- 
dered. Enlargements of segments of the overall colon show haustral fold anatomy and a 
1.5-cm polypoid lesion (lipoma, arrow). (See color insert) 
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of abnormalities. One approach to minimizing such distortions is to modify the 
reformatted tomograms according to colonic curvature, resulting in more uni- 
form sampling of the colon wall (Wang et al. 1998; Dave et al. 1999). 

While there is strong appeal in viewing the colon as a single or small number 
of virtual gross pathologic views, at this point there have not been systematic 
studies of the efficacy of this viewing mode relative to axial CT sections or more 
conventional 3D viewing modes. 



Other Volume-Rendering Methods 

In addition to the virtual camera-based approaches and extensions described 
above, there are a multitude of methods for viewing the colonic surface with 




Figure 6.8. Tissue transition projection. 3D volume rendering of the colon in the regioi 
of the hepatic flexure shows a filling defect along the inner aspect of the flexure due t( 
aws). (See color insert) 
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computer graphics. In one method, a colonic centerline is created, and then the 
colon is split along this axis into halves, allowing a "clamshell" view of the in- 
ner surface. In another method, the voxels along the colon wall are rendered se- 
lectively (Fig 6.8; see color insert), simulating a double-contrast barium enema 
(Rogalla et al. 2000). 

Finally, a fairly simple method of viewing the colon surface is to render a slab 
of the volumetric dataset (Fig 6.9), enabling a 3D view of polyps but avoiding 
the necessity of actually navigating through the colon (McFarland et al. 2001). 
In this method, one constructs a series of overlapping slabs with axial, coronal, 
or sagittal orientation and views them as "sliding slabs" analogous to sliding thin- 
slab maximum-intensity projection displays (Napel et al. 1993). 




Figure 6.9. Slab volume rendering. Localized area in the splenic flexure rendered as a 
20-mm-thick, volume-rendered slab, shows 10-mm polyp along the colon surface. This 
type of display combines the positive attributes of 2D and 3D display and does not re- 
quire generation of a colon centerline. For complete colon viewing, a series of overlap- 
ping slabs is viewed in movie format. 
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Future Developments 

Virtual endoscopic viewing has been shown to be an important adjunct to view- 
ing of 2D sections in interpretation of CT colonography (CTC), and some would 
argue that the initial mode of data review should be with 3D fly-through visual- 
ization. In this chapter, we illustrated an array of more advanced computer graph- 
ics methods that increase the amount of colon surface viewed compared with 
single-camera endoscopy. These methods should further enhance the task of polyp 
detection on 3D images. The optimal clinical application for CTC is to achieve 
a high-sensitivity, high-specificity exam that can be interpreted in a time frame 
appropriate for an inexpensive, screening study. Despite the advanced computer 
graphics techniques described here, efficiency issues have not been seriously ad- 
dressed. In this regard, some research labs have turned to computer-aided de- 
tection (CAD) for primary evaluation of the colon, followed by radiologist view- 
ing of suspicious areas as defined by the computer (Paik et al. 1999; Summers 
et al. 2000b, 2001). If highly sensitive polyp-finding algorithms can be devel- 
oped, the time spent examining a large amount of normal colon wall can be min- 
imized, thereby maximizing efficiency. With the appropriate combination of sen- 
sitivity, specificity, and CAD-directed efficiency, CTC has a promising future 
for widespread acceptance. 
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MR Colonography 

Thomas C. Lauenstein and Jorg F. Debatin 



Colorectal cancer (CRC) remains the second leading cause of cancer mortality 
in western countries. Approximately 6% of the population will develop CRC dur- 
ing their lifetime (Neuhaus 1999). The majority of colon cancers develop from 
nonmalignant adenomas or polyps (O'Brien et al. 1990). Thus, cancer screening 
programs targeting precancerous polyps with subsequent endoscopic polypec- 
tomy could significantly reduce the incidence and hence the mortality of CRC. 
Insufficient diagnostic accuracy and/or poor patient acceptance characterize 
most available colorectal screening modalities, including testing for occult fecal 
blood, conventional colonoscopy, or double-contrast barium enema (Frommer 
1998; Ahlquist et al. 1993). Virtual colonography (VC), based on 3D computed 
tomography (CT) or magnetic resonance (MR) data sets has been found to be 
highly sensitive for detecting clinically relevant colorectal polyps exceeding 
8 mm (Fenlon et al. 1999; Pappalardo et al. 2000). Although CT colonography 
(CTC) has considerable advantages regarding spatial resolution, examination 
cost, and scanner availability, the lack of harmful side effects, including ioniz- 
ing radiation in addition to an unsurpassed soft-tissue contrast potential, render 
MR imaging (MRI) attractive as an alternative imaging modality for colorectal 
screening. 



MR Colonography: Technique 

Currently, two techniques are being evaluated for MR colonography (MRC). 
Based on the signal within the colonic lumen, these techniques can be differen- 
tiated as "bright-lumen" and "dark-lumen" MRC. 



Bright-Lumen MRC 

Similar to contrast-enhanced 3D MR angiography, MRC is based on the princi- 
ples of ultrafast, T r weighted 3D gradient echo (GRE) acquisitions collected 
within the confines of a single breath hold (Luboldt et al. 1997). This requires 
the use of an MR scanner equipped with high-performance gradients. To permit 
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homogeneous signal transmission and reception over the entire colon with high 
CNR values, a combination of phased-array surface coils should be used. The 
size of the coil must permit coverage of the entire colon. Because colonic lesions 
often cannot be differentiated from stool, the patient has to undergo bowel cleans- 
ing in a manner similar to that required for conventional colonoscopy. Prior to 
the examination, the patient should be screened for contraindications to MRI such 
as severe claustrophobia, presence of metallic implants in critical regions such 
as the eyes, spinal cord, or brain, or cardiac pacemakers. The presence of hip 
prostheses, normally not regarded a contraindication to MRI, impedes a com- 
plete analysis of the rectum and sigmoid colon. Therefore, patients with hip pros- 
theses should also not be examined by MRC. 

After placement of a rectal enema tube, the colon is filled with the patient in 
the prone position using 2500 to 3000 mL of a water-based enema, spiked with 
paramagnetic contrast (1:100). The enema is administered using 100 to 150 cm 
of hydrostatic pressure. To reduce bowel motion and alleviate colonic spasm, the 
use of intravenously administered spasmolytic agents (e.g., scopolamine or 
glucagon) prior to and during the bowel filling is helpful. In contrast to conven- 
tional colonoscopy, neither sedatives nor analgesic agents are routinely admin- 
istered. To ensure safe and optimal bowel filling and distension, the filling pro- 
cess is monitored with a non-slice-select 2D acquisition, collecting one image 
every 3 seconds (Fig 7.1). Once the enema has reached the cecum, a 3D dataset 
of the abdomen encompassing the entire colon is collected. To compensate for 
the presence of residual air exhibiting "filling defects" similar to polyps within 
the colonic lumen, 3D datasets are collected in both the prone and supine patient 
positions (Fig 7.2). The enema bag is then placed on the floor to facilitate emp- 
tying of the colon, and the patient is removed from the scanner. 

The acquired 3D MR datasets consist of coronal sections, ranging in thickness 
between 1.5 and 2 mm. The sequence is based on the use of short repetition (TR 
1.6 to 3.8 ms) and echo times (0.6 to 1.6 ms). The achievable minimum TR 
should be shorter than 5 ms; otherwise, the acquisition of a 3D dataset cannot 
be collected within the confines of a single breath hold. In conjunction with a 
field of view of 400 X 400 mm and an imaging matrix of 460 X 512, the 
spatial resolution includes an interpolated voxel size of approximately 1 X 1 X 
1.6 mm. 

On the 3D GRE datasets, only the colonic lumen containing the enema is 
bright, whereas all other tissues remain low in signal intensity (Fig 7.3). The re- 
sulting contrast between the colonic lumen and surrounding structures is the ba- 
sis for subsequent virtual colonographic viewing (Fig 7.4). The MRC protocol 
can be further amplified by the acquisition of 2D gradient-echo data sets fol- 
lowing the intravenous (IV) application of a gadolinium-containing contrast com- 
pound. This permits a more comprehensive assessment of parenchymal abdom- 
inal organs and enhances the ability to detect hepatic metastases. 

Bright-lumen MRC can be completed within 20 minutes, including the time 
for patient positioning, image planning, and data acquisition. The 3D datasets are 
subsequently postprocessed using commercially available software and hardware. 
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Figure 7.1. Colonic filling is monitored 
with a non-slice-select 2D acquisition col- 
lecting one image every 3 seconds. The far- 
right image demonstrates that e 
reached the c 
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Figure 7.2. To compensate for the presence of residual air (left), the 3D dataset is col- 
lected once in the prone and a second time in the supine position. Residual air alters its 
position (right) due to gravity. 




Figure 7.3. Maximum intensity projection (MIP) of a 3D GRE data set. The gadolinium- 
containing enema leads to a high signal intensity throughout the colon whereas all sur- 
rounding tissues remain low in signal intensity. 
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Figure 7.4. A high contrast between the contrast-filled colonic lumen and surrounding 
s the basis for subsequent virtual colonic viewing. 
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A complete analysis of an MRC exam still requires 15 minutes of interactive im- 
age viewing on a high-performance workstation. In a first-step MRC, images 
should be interpreted in the multiplanar reformation mode scrolling through the 
prone 3D dataset in all three orthogonal planes. In regions containing larger pock- 
ets of residual air, the assessment needs to be supplemented by views of 
the supine dataset. In a second step, the data should be assessed based on virtual 
endoscopic renderings displaying the inside of the colonic lumen. A virtual en- 
doscopic fly-through allows the observer to concentrate on the colon, facilitat- 
ing depiction of small structures protruding into the colonic lumen. Further, the 
3D depth perception allows the assessment of haustral fold morphology, thereby 
enhancing the observer's ability to distinguish polyps from haustra. To assure 
complete visualization of both sides of haustral folds, the virtual fly-through 
should be performed in an antegrade as well as retrograde direction. 

Dark-Lumen MRC 

The detection of colorectal lesions with bright-lumen MRC relies on the visual- 
ization of filling defects. Apart from polyps, differential considerations for such 
filling defects include air bubbles and residual fecal material. To differentiate 
these possibilities, datasets are collected in both the prone and supine patient po- 
sitions: Air and fecal material move, while polyps remain stationary. While ef- 
fective in most instances, the technique can introduce errors. Thus, polyps with 
a long stalk may move sufficiently to simulate a moving air bubble or residual 
stool, whereas stool adherent to the colonic wall may not move at all, thereby 
simulating a polyp. In addition to obviating the need for a second, time- 
consuming 3D data acquisition set, dark-lumen MRC facilitates the identifica- 
tion of polyps. 

Dark-lumen MRC is based on contrast generated between a brightly enhanc- 
ing colonic wall and a homogeneously dark colonic lumen (Lauenstein et al. 
2001). The technique differs from bright-lumen MRC in the following manner: 

1 . Instead of a gadolinium containing enema, only tap water is administered rec- 
tally, rendering low signal on heavily Tl-weighted 3D GRE acquisitions. 

2. The colonic filling process is monitored with a fluoroscopic T2W sequence 
rather than a T1W sequence. 

3. To obtain a bright colonic wall, paramagnetic contrast is administered intra- 
venously. 3D data sets are collected prior to giving the paramagnetic contrast 
agent and after a 75-second delay. 

4. Because residual air exhibits no signal in the colonic lumen, the examination 
needs to be performed only in the prone patient position. 

Compared to bright-lumen MRC, which has been extensively evaluated in the 
past, dark-lumen MRC harbors considerable advantages, including reduced ex- 
amination and postprocessing times, because only one 3D dataset needs to be 
collected. Further, the dark-lumen technique copes with the problem of residual 
stool in a simple manner: If the lesion enhances, it is a polyp; if it does not en- 
hance, it represents stool (Figs 7.5 and 7.6). Suspicious-appearing lesions are an- 
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Figure 7.5. A 10-mm polyp could be detected in the ascending colon based on the con- 
trast uptake (arrow, B) compared to the corresponding native sequence (arrow, A). Diag- 
nosis was confirmed by virtual endoscopic rendering (C) as well as conventional 
colonoscopy. 
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Figure 7.6. Polyp-simulating protrusion in the sigmoid colon (arrow, B) turned out to be 
residual stool because of the same signal intensity compared to native scan (arrow, A). 
Subsequent conventional colonoscopy confirmed absence of colorectal pathologies. 
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alyzed by comparing signal intensities on the pre- and postcontrast images. If the 
analysis were limited to the postcontrast dataset, bright stool could be misinter- 
preted as a polyp. Comparison with the precontrast images documents the lack 
of contrast enhancement, securing the correct diagnosis. 

Enhancement of colorectal masses following the IV administration of contrast 
material has been documented in conjunction with MRC (Luboldt et al. 1998) 
and CTC (Morrin et al. 2000). The use of intravenously administered contrast 
material significantly improves reader confidence in the assessment of bowel wall 
conspicuity and the ability to depict medium-sized polyps in suboptimally pre- 
pared colons. The enhancement observed within polyps exceeds enhancement of 
the colonic wall. This may aid in differentiating even very small polyps from 
thickened haustral folds. 

A further advantage of dark-lumen MRC relates to the fact that it permits di- 
rect analysis of the bowel wall. This facilitates the evaluation of inflammatory 
changes in patients with inflammatory bowel disease (Fig 7.7). Increased con- 
trast uptake and bowel wall thickening, as documented on contrast-enhanced 
Ti-weighted images, has already been shown to correlate well with the degree 
of inflammation in the small bowel (Marcos and Semelka 2000). Hence, the dark- 



Figure 7.7. Increased contrast enhancement and thickened bowel wall in the descending 
colon (arrows) as a sign for an inflammatory lesion in a patient with Crohn's disease. 
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lumen approach may indeed amplify the list of indications for MRC in the fu- 
ture to also encompass inflammatory bowel disease. 

Finally, the IV application of paramagnetic contrast agents permits a more 
comprehensive assessment of parenchymal abdominal organs contained within 
the field of view. By combining pre- and postcontrast Ti-weighted imaging, the 
liver can be accurately evaluated regarding the presence and type of concomi- 
tant pathology. Dark-lumen MRC also offers new perspectives regarding opti- 
mization of bowel distention. Although the administration of water as a rectal 
enema does not adversely affect patient comfort in most cases, a modified strat- 
egy could be based on the application of gases like CO2 (Lomas et al. 2001) or 
room air (Morrin et al. 2001). Gas has no signal and would thus easily permit 
delineation of the contrast-enhanced colonic wall and masses. This approach has 
been shown to be feasible in smaller patient groups (Lomas et al. 2001; Morrin 
et al. 2001). 



Diagnostic Accuracy 

The diagnostic performance of bright-lumen MRC was assessed in several stud- 
ies (Luboldt et al. 2000; Saar et al. 2000) using conventional colonoscopy as the 
standard of reference. While most mass lesions smaller than 5 mm were missed 
(Luboldt et al. 2000), almost all lesions exceeding 10 mm were correctly iden- 
tified (Table 7.1). In a study by Pappalardo et al. (2000), MRC even detected a 
higher total number of polyps exceeding 10 mm than conventional colonoscopy. 
MRC identified additional polyps in regions of the colon not reached by 
colonoscopy. 

Direct observational data on growth rates indicated that polyps smaller than 
10 mm remain stable over 3 years and are not prone to malignant degradation 
(Villavicencio and Rex 2000). Hence, bright-lumen MRC may be considered al- 



Table 7.1. Accuracy of MRC compared to 
conventional colonoscopy. 



All lesions 






27/58 = 47% 




48/59 = 81% 


PPV 


27/38 = 71% 


NPV 


48/79 = 61% 


Lesions >10 mm 






13/14 = 93% 




102/103 = 99% 


PPV 


13/14 = 93% 


NPV 


102/103 = 99% 



Source: Adapted with permission from Luboldt 
et al. (2000). PPV, positive-predictive valve; NPV, 
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most as reliable as conventional colonoscopy for the assessment of colonic le- 
sions at risk for malignant degeneration. Nevertheless, attempts are underway to 
increase the spatial resolution of the underlying 3D datasets and thereby improve 
the diagnostic accuracy of MRC for lesions ranging from 5 to 10 mm. Techni- 
cal refinements include the use of even shorter repetition times in conjunction 
with zero filling routines and the implementation of parallel imaging routines 
(Griswold et al. 2000). 



Fecal Tagging 

MRC still requires bowel cleansing in a manner similar to conventional 
colonoscopy. Because 75% of patients undergoing bowel preparation complain 
about symptoms ranging from feeling unwell to inability to sleep (Elwood et al. 
1995), patient acceptance is negatively impacted. To assure high patient accep- 
tance of MRC, bowel cleansing needs to be eliminated. This can be accomplished 
with fecal tagging — a concept based on modulating the signal intensity of fecal 
material by adding contrast compounds to regular meals. 

Fitting the two approaches to MRC (bright lumen and dark lumen), there are 
also two theoretical approaches to fecal tagging. Its principle was demonstrated 
on the basis of a bright rectal enema distending the colonic lumen containing 
brightly tagged stool in conjunction with bright-lumen MRC (Weishaupt et al. 
1999). By adding a Ti-shortening Gd-based MR contrast agent to regular meals 
prior to the MR examination, harmonization of signal properties between fecal 
material and the Gd-based enema was achieved. The oral administration of a 
paramagnetic MR contrast agent (Gd-DOTA) has been shown to be safe. The 
combination of fecal tagging with a paramagnetic contrast agent and colonic 
filling results in a homogeneous signal distribution throughout the colon (Fig 
7.8). In these examinations, virtual MRC allows an unobstructed view through 
the colon because the tagged stool is virtually indistinguishable from the ad- 
ministered enema. Although encouraging results concerning acceptance and im- 
age interpretation were obtained, the clinical implementation of bright-lumen 
fecal tagging was hindered by the high cost of the Gd-based paramagnetic con- 
trast agent. 

A second strategy for fecal tagging is based on rendering the colonic lumen 
dark (Lauenstein et al. 2001). For fecal tagging, a highly concentrated barium 
sulfate containing contrast agent (Micropaque; Guerbet, Sulzbach, Germany; lg 
barium sulfate/mL) is administered in a volume of 200 mL with each of four 
principle meals beginning 36 hours prior to MRC. Patients are instructed to 
avoid the intake of all fiber-rich foodstuff and nourishments with high concen- 
tration of manganese, such as chocolate or fruits, during this period, because 
manganese leads to increased signal intensity on Tlw sequences. "Barium- 
based" fecal tagging is combined with dark-lumen MRC: The colon is distended 
with a rectally administered water enema and a paramagnetic contrast agent is 
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Figure 7.8. MIP display of a 3D MRC dataset collected following gadolinium-based fe- 
cal tagging (left). After filling the colon with a gadolinium-containing enema, the tagged 
stool is no longer seen because its signal intensity is similar to that of the applied rectal 
gadolinium/water enema. 



administered intravenously to render the colonic wall and adherent colorectal 
mass lesions bright. 

Barium sulfate is a well-known diagnostic contrast agent, still in common use 
as an oral agent for esophageal, gastric, and small-bowel radiography. Compared 
to Gd-based contrast compounds, it is far less costly and characterized by an even 
better safety profile. Anaphylactoid reactions or other adverse side effects are 
virtually unknown. The agent is not absorbed and mixes well with stool. Thus, 
barium includes all characteristics as an ideal oral tagging agent for MRC. 

The barium-based approach to fecal tagging has been successfully employed. 
The signal-reducing effects upon stool have been documented in volunteer stud- 
ies. By ingesting barium prior to the MR examination, stool is rendered virtually 
indistinguishable from the administered water enema on heavily Tlw 3D GRE 
images (Figs 7.7 and 7.9). The MR examination without prior ingestion of bar- 
ium reveals signal-rich stool, which cannot readily be differentiated from the 
brightly enhancing colonic wall (Fig 7.10). 

Recently, the barium-based fecal tagging concept has been successfully eval- 
uated in a pilot patient study. Fecal tagged MRC revealed all polyps larger than 




Figure 7.9. MRC in conjunction with barium sulfate-based fecal tagging. The colonic 
wall is bright because of the IV application of Gd-DTPA, whereas the barium-containing 
enema and the barium-tagged stool render the colonic lumen dark. 




Figure 7.10. Dark-lumen MRC without fecal tagging and without prior bowel cleansing. 
Signal-rich stool in the transverse colon cannot be differentiated from the brightly en- 
hancing colonic wall, so a reliable exclusion of colonic pathologies is not possible. 
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8 mm in a population of 24 patients with known or suspected colorectal tumors 
(Lauenstein et al. 2002). The overall sensitivity of MRC was 89.3% for the de- 
tection of colorectal masses and the specificity was 100%. Although further work 
is required to confirm these results, it seems that barium-tagged MRC may well 
emerge as the examination strategy of choice for the early detection of polyps in 
asymptomatic subjects. The technique appears to combine excellent diagnostic 
accuracy with high patient acceptance based on a painless examination and no 
need for colonic cleansing. 
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Future Directions: 
Computer- Aided Diagnosis 

Ronald M. Summers and Hiroyuki Yoshida 



While significant progress is being made with clinical evaluation of computed 
tomography (CT) colonography (CTC), the issues of cost, time for interpreta- 
tion, diagnostic performance, and perceptual error have yet to be addressed. A 
number of researchers around the world have embarked on a project to develop 
computer-aided diagnosis (CAD) of colonic polyps to address these potential ob- 
stacles to further use of CTC. In this chapter, we briefly review the progress to 
date and speculate on developments likely to occur during the next few years. 



Progress to Date 

CAD is a diagnosis made by radiologists who take into account computer out- 
put as an aid, guide, or second opinion. The final diagnosis is made by radiolo- 
gists. Although, in general, CAD is not restricted to a detection task (i.e., CAD 
can potentially characterize lesions), to date most CAD schemes for CTC are 
limited to automated detection only. 

Building upon their prior work in virtual bronchoscopy, Summers et al. (1998, 
2000b) presented work on computer-aided detection of colonic polyps with a 
CTC dataset augmented with simulated polyps. These simulated polyps were 
shown in a separate study to mimic the size, shape, and location of actual polyps 
with CTC (Beaulieu et al. 1998). In their shape-based algorithm, the computer 
calculates the local shape of each small portion of the surface of the colon and 
looks for areas that protrude inward toward the lumen like a polyp (Fig 8.1; see 
color insert) (Summers et al. 2000b, 2001). This computer technique ignores por- 
tions of the colonic wall shaped like haustral folds or normal colonic mucosa. 
More than 95% of the colonic wall could be eliminated from further analysis us- 
ing this first-pass algorithm. Further refinement of the algorithm requires the use 
of thresholds on quantitative indices of shape, such as "Gaussian curvature" and 
a quantitative determination of the "sphericity" or sphere-like nature of the po- 
tential polyp. With these additional criteria, more than 99% of the colonic sur- 
face can be eliminated from further analysis. Of 10 simulated polyps placed in 
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Figure 8.1. Conceptual diagram of colonic surface shape showing haustral folds (green), 
polyps (orange-red), and normal colonic surface between folds (yellow). A polyp on a 
fold (small arrow) and one between folds (large arrow) are shown. Polyps can be distin- 
guished from folds and normal colonic mucosa by their distinctive shapes. (Used with 
permission from Summers 2000b.) (See color insert) 



the CTC dataset, 8 could be detected with no false positive diagnoses (Summers 
et al. 2000b). 

Summers further applied these earlier results to 20 CTC datasets having at 
least one polyp 1 cm or larger per patient (Summers et al. 2001c). They showed 
that 64% (18/28) polyps 1 cm or larger could be detected (Fig 8.2; see color in- 
sert). Moreover, when only polyps in well-distended colonic segments were con- 
sidered the fraction of detected polyps increased to 71%. The average number of 
false positive detections was approximately six per patient. When the CT atten- 
uation of the possible polyp was considered, the number of false positives dropped 
to an average of 3.5. Their software marked potential polyps directly on the CTC 
images to ease clinical interpretation (Summers et al. 2000). 

Yoshida et al. (Yoshida and Nappi 2001, Yoshida et al. 2002a, b) developed 
a CAD scheme based on 3D volumetric feature analysis, which also relied to a 
great extent on analysis of shape. This scheme consists of three major steps: ex- 
traction of the colon, detection of polyp candidates, and elimination of false pos- 
itive detections. In the first step, a thick region containing the entire colonic wall 
is extracted from an isotropic volumetric dataset generated from CTC images 
(Nappi and Yoshida 2002; Masutani et al. 2001) (Fig 8.3). Polyp candidates are 
detected from the thick region by extraction of a geometric feature called the vol- 
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Figure 8.2. Examples of three polyps (arrows) measuring 1 to 1.5 cm. (A, C, E) Con- 
ventional colonoscopy and (B, D, F) corresponding CTC perspective renderings. (B, D, 
F), Red indicates portion of polyps detected by computer-assisted detection algorithm. 
Note the absence of false positive diagnoses on folds and normal colonic mucosa. (Used 
with permission from Summers et al. 2001c.) (See color insert) 

Continues on next page 
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Figure 8.2. (Continued) 
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FIGURE 8.2. (Continued) 




Figure 8.3. Extraction of the colon based on a knowledge-guided approach. (A) Original 
axial CT slices obtained from a CTC examination. (B) Isotropic volumetric data set gen- 
erated by interpolation between the CT images in (A) along the longitudinal direction. (C) 
Anatomic structures obtained by application of thresholding operation to CT values in the 
volumetric data set in (B). (D) Example of extracolonic structures extracted from (C). In 
clockwise order from the upper-left corner: the osseous structures (spine, pelvis, parts of 
the ribs), the lung bases, and the body. (E) Colon extracted from (C) by removal of the ex- 
tracolonic structures in (D). Paris of the small bowel (red) adhering to the colon are ex- 
tracted along with the colon. (F) Final extracted colon (a thick region containing the entire 
colonic wall) after the removal of the small bowel. (Used with permission from Yoshida 
and Nappi 2001.) 
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Figure 8.4. Relationship between the volumetric shape index values and shape classes. 
Polyps tend to appear as bulbous, cap-like structures adhering to the colonic wall, and 
thus have a shape index value close to 1. Folds appear as elongated, ridge-like structures, 
and have a shape index value of approximately 0.75. The colonic wall appears as a large, 
nearly flat, cup-like structure, and has a shape index value of close to 0. By coloring vox- 
els that have shape index values corresponding to the cap, saddle to ridge, and the other 
classes by green, pink, and brown, respectively, one can distinguish these structures clearly 
(see Fig 8.5). (Used with permission from Yoshida, Masutani, and MacEneaney et al. 
2002.) (See color insert) 



umetric shape index at each voxel. Every distinct shape corresponds to a unique 
value of the shape index (Fig 8.4; see color insert). In general, polyps tend to ap- 
pear as bulbous, cap-like structures adhering to the colonic wall; folds appear as 
elongated, ridge-like structures; and the colonic wall appears as a nearly flat, cup- 
like structure. Therefore, the shape index can differentiate among polyps, folds, 
and the colonic wall (Fig 8.5; see color insert). False positives are distinguished 
from true positives by means of their geometric and textural features. The 
CAD scheme was evaluated in 71 CTC cases, including 14 cases having 21 
colonoscopy-confirmed polyps >5 mm (Yoshida et al. 2002). There were 15 
polyps ^10 mm and 6 polyps >10 mm. In a by-patient analysis, the sensitivity 
was 100% with an average false positive rate of 2.0 per patient; in other words, 
the scheme found at least 1 polyp in all of the 15 polyp cases. In a by-polyp anal- 
ysis, the CAD scheme detected 90% (19/21) of the polyps at the same false pos- 
itive rate. The types of false positives were similar to those due to common per- 
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Figure 8.5. Effect of the volumetric shape index in differentiation among polyps, folds, 
and the colonic wall. In each pair of images, an axial or coronal CT image that contains 
a polyp indicated by arrow is shown on the left and its 3D endoscopic views by per- 
spective volume rendering is shown on the right: (A) 6-mm polyp in sigmoid, (B) 9-mm 
polyp in sigmoid, (C) 8-mm polyp in sigmoid, (D) 9-mm polyp in sigmoid. With the col- 
oring scheme shown in Fig 8.4, polyps, folds, and the colonic wall are clearly separated, 
and the polyps are easily distinguishable from other structures. (Used with permission 
from Yoshida, Nappi, and MacEneaney et al. 2002; Yoshida and Nappi 2001.) (See color 
insert) 



Ronald M. Summers and Hiroyuki Yoshida 87 

ceptual errors for radiologists. However, most of these false positives were eas- 
ily distinguishable from polyps by experienced radiologists. 

Paik et al. (1999) used a Canny edge detector and the Hough transform (HT) 
as their first-pass polyp detector (Paik et al. 1999). The HT locates possible polyps 
by identifying spherical surfaces on the colon. Available data are limited to ab- 
stracts, but they reported sensitivities as high as 92.9% and 7.9 false positives 
per colon for a dataset encompassing 14 polyps >8.5 mm in 9 patients (Paik et 
al. 2001). In a recent refinement, Gokturk et al. (2001) proposed the use of the 
random orthogonal shape section (ROSS) method, a statistical pattern recogni- 
tion approach that reduces the false positive rate by 62%. The ROSS method ex- 
amines a large number of subvolumes in the vicinity of a possible polyp, gener- 
ates shape signatures based on lines, circles, and quadratics fit to the inner colonic 
wall edge, and then feeds the signatures into "support vector machines," a form 
of classifier (Gokturk et al. 2001). 

Vining et al. (1999) also reported a computer-assisted polyp detection algo- 
rithm. Their algorithm combined surface curvature and wall thickness assess- 
ment, identified and rejected haustral folds, and then ranked detections based on 
the product of a group convexity value, height measurement, and number of ver- 
tices comprising a lesion. Their CAD software identified 11 of 15 polyps in 10 
patients. 

These early results show that CAD is capable of detecting polyps in CTC with 
reasonable false negative and false positive rates. 



Future Work 

As can be seen from the preceding section, CAD for CTC is an evolving field. 
Additional improvements in CAD can be expected in a number of areas although 
there are many challenges that must be overcome (Summers 2002). The most 
promising avenues of research, discussed in the section that follows, are in the 
following areas: bowel preparation, technical improvements in CAD, image res- 
olution, clinical evaluation, and databases. Relevance of CAD to cancer detec- 
tion and cost issues are also briefly described in this section. 

Effect of Bowel Preparation 

Considerable excitement has recently been generated by the application of stool 
subtraction techniques (Zalis and Hahn 2001; Chen et al. 2000). For subtraction, 
a patient is given an oral contrast agent such as a barium pill or solution or a 
water-soluble contrast agent. This is done 12 to 48 hours prior to the CTC pro- 
cedure so that the contrast agent can mix with residual stool. Some researchers 
also give the patient a standard bowel preparation to cleanse the colon of the ma- 
jority of the stool so that the tagging agent will opacify residual stool and fluid 
(Vining et al. 1999). Other researchers are investigating the "prepless" colon in 
which no cleansing of the bowel is necessary but the stool is tagged using an 
oral agent (Callstrom et al. 2001). In either case, stool tagging requires additional 
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image processing techniques to eliminate the stool so that the physician can iden- 
tify a polyp. Once the stool is subtracted, artifacts may be present due to the in- 
completeness of the stool subtraction algorithms. This will pose additional chal- 
lenges for CAD and is a subject for future research. 

Technical Improvements in CAD 

While early results are promising, further improvements in CAD technology can 
be expected to increase the sensitivity and specificity of CTC. Three major ar- 
eas for technical improvement are identification of image features that more di- 
rectly distinguish true positives from false positives, improved classifiers to sort 
out the various features, and larger unbiased databases of CTC studies. That there 
is room for improvement is suggested by the fact that trained radiologists can 
identify 75% to 90% of polyps 1 cm or larger (Fenlon et al. 1999b; Yee et al. 
2001; Fletcher et al. 2000); therefore, one might expect that it should be possi- 
ble to teach a computer algorithm to have a similar performance. Currently, there 
appears to be a 20% to 30% gap between the performance of CAD and that of 
trained clinicians. 



Effect of CT Scanning Parameters 

Further research also needs to be done to determine the effects of different scan- 
ning parameters on the performance of CAD. For example, it is unknown at this 
time whether higher-resolution scans (greater longitudinal resolution) will improve 
the sensitivity and specificity of CTC. Because higher-resolution scans may come 
at the cost of increased image noise, determination of the effect of noise needs 
to be evaluated to determine how noise-tolerant CAD schemes can be. 



Evaluation of CAD in the Clinical Setting 

The integration of CAD into clinical practice will pose additional challenges. It 
will be important to show that the improved performance of CAD in the labora- 
tory can be confirmed in a clinical setting. Observer performance studies (Metz 
1999) should be conducted for evaluation of the diagnostic performance of a ra- 
diologist with and without computer aid in a prospective fashion to demonstrate 
the added benefit of CAD. Such studies have been conducted for CAD for mam- 
mography (Chan et al. 1999) and chest radiography (Kobayashi et al. 1996). 

CAD and Cancer 

At this time, it is thought that CAD will not be necessary for carcinoma detec- 
tion. This assertion is supported by evidence from a series of seven published 
studies that reported that carcinomas were detected with 100% sensitivity (Sum- 
mers et al. 2001). Cancers are often well visualized by the radiologist due to their 
size and invasiveness. In addition, cancers often have shape features much dif- 
ferent from those of polyps, e.g., they may be circumferential or napkin-ring le- 
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sions. It may not be worth the effort to train the computer to detect such lesions. 
Consequently, research in the next few years is likely to focus primarily on polyp 
detection. 

Processing Time 

The speed of the computer algorithms may be an issue. As CTC data sets be- 
come larger as higher resolutions are used, the processing time will lengthen pro- 
portionally. For CAD to be a useful diagnostic aid, the most important time fac- 
tor is the actual interpretation time by radiologists when they are aided by the 
computer output. To reduce interpretation time and improve the diagnostic per- 
formance of radiologists, CAD algorithms may therefore run in the background 
and their final output, such as locations of suspicious polyps and the likelihood 
of being a polyp, should be presented in real time. 



Cost of CAD 

The cost of CAD may be of concern if it is not reimbursed. In mammography, 
recent legislation has provided for a small fee for CAD. Until reimbursement is 
available, it is uncertain whether CAD will be commercialized even if it is shown 
to be robust in the laboratory and accurate in clinical research. Intellectual prop- 
erty issues may also arise as early researchers seek to gain the high ground and 
patent their algorithms for CAD. 



Common Image Database 

The American College of Radiology Imaging Network (ACRIN, www.acrin.org) 
is investigating the possibility of creating an image database for CAD for CTC. 
Such a database would consist of well-annotated cases, validated with the gold 
standards of conventional colonoscopy and pathology, and include demographic 
information about the subjects, such as age, gender, risk factors, and serum and 
stool markers. This resource could allow for a quantum leap in the speed at which 
CAD for CTC comes to fruition. Whereas CAD for mammography took 10 to 
15 years to advance from concept to commercial product, CAD for CTC may 
come to market much faster because of the breadth of knowledge and the ex- 
cellent foundation laid by researchers in other areas of CAD in radiology. 



Conclusion 

In summary, CAD for CTC has been shown to be feasible in early laboratory 
and clinical trials. Better clinical studies to show robustness are needed. There 
are a number of promising areas for future research that are likely to yield ex- 
citing results in the years to come. 
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A Word About Radiation Dose 

James A. Brink 



The development of computed tomography (CT) colonography (CTC) as a vi- 
able clinical tool has paralleled the rapid advancement of CT technology. About 
one decade after CT was revolutionized by the advent of spiral/helical CT tech- 
nology, multislice CT (MDCT) was introduced, offering better longitudinal and 
temporal resolution. These benefits improve nearly all imaging applications in 
which broad anatomic coverage is required in a breath hold, including CTC. Al- 
though dual or split detector systems have been available since the early 1990s, 
CT scanners with four data channels were introduced in 1998 and have provided 
another quantum leap in CT performance, permitting thinner slices, shorter scans, 
and greater volume coverage. Now, systems with 8 to 16 data channels are emerg- 
ing, and manufacturers are testing incorporation of flat-panel detectors in CT 
scanners as a future means of extending this technology to nearly instantaneous 
CT data acquisition. However, the potential for increased radiation exposure with 
MDCT has dampened enthusiasm for its use, in particular in screening applica- 
tions such as CTC. 



MDCT: Radiation Dose Considerations 

The width of the radiation profile with MDCT is increased substantially relative 
to single-slice CT (SDCT), largely related to the use of cone beam rather than 
fan beam geometry. For MDCT scanners, the width of the radiation beam typi- 
cally exceeds the total scan width, whereas for SDCT the radiation beam width 
is typically within 1 mm of the nominal scan width. This effect is amplified by 
the detector configuration used for any given scan. With the first release of a 
four-channel MDCT scanner (Lightspeed QX/i version 1 .0, General Electric Co, 
Milwaukee), the radiation profile width exceeded the scan width by 150% (12.5 
mm) for a nominal scan width of 5 mm (4 X 1.25-mm detector configuration). 
However, when the scan width was set to 20 mm (4- X 5-mm detector configu- 
ration), the radiation profile width exceeded the scan width by only 30% (26 mm) 
(McCullough and Zink 1999). As a result, for multislice body CT the maximum 
surface CTDI values increase by 76% for the 4- X 5-mm detector configuration 
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and 238% for the 4- X 1.25-mm detector configuration, as compared to SDCT. 
Thus, when the full longitudinal extent of the detector is employed (4- X 5-mm 
detector configuration) the dose inefficiency of MDCT is minimized. 

The difference in technique and radiation dose between SDCT and MDCT of 
the adult abdomen and pelvis has been well summarized by McCollough and 
Zink (1999). These investigators found that the scan time was reduced from 34 
seconds to 16 seconds for 30 cm of coverage with a rotation time of 0.8 seconds 
by using MDCT (5-mm slice thickness, beam pitch of 0.75) as compared to SDCT 
(7-mm slice thickness, beam pitch of 1). Holding image noise constant, these au- 
thors also found that the tube current could be reduced from 310 mA to 190 mA 
by using MDCT for a total mAs of 10,540 for SDCT as compared to 3,040 for 
MDCT. However, despite this reduction in mAs, the radiation dose increase by 
approximately 50% at both the center and the surface of a 32-cm CTDI phan- 
tom, owing to the increased width of the radiation profile and a 25% overlap 
with MDCT (beam pitch of 0.75). 

Subsequently, a focal spot tracking algorithm was developed to reduce such 
dose inefficiencies (Lightspeed QX/i, version 1.1). With this improvement, the 
maximum surface CTDI values for body MDCT increased by only 10% for the 
4- X 5-mm detector configuration compared to 105% for the 4- X 1.25-mm de- 
tector configuration relative to CTDI values for SDCT. Although the maximum 
surface dose differential between MDCT and SDCT is minimized by use of the 
4- X 5-mm detector configuration (10% difference), the effective dose (a mea- 
sure related to the total energy deposited in the patient) was nearly equalized be- 
tween MDCT and SDCT with this technique. This benefit is realized as a result 
of the elimination of overlap between scans performed during separate breath 
holds with SDCT by single breath hold examination with MDCT. 

To further reduce dose with MDCT, one may consider replacing the 25% 
radiation overlap associated with a beam pitch of 0.75 with a 50% gap in the 
x-ray beam associated with a beam pitch of 1.5. However, most MDCT systems 
automatically adjust the tube current to maintain comparable levels of image 
noise, a feature that largely offsets any potential benefit to radiation dose asso- 
ciated with such an increase in pitch. A dose benefit may be realized only if one 
manually overrides this adjustment to reduce tube current, necessitating accep- 
tance of an increased level of image noise (Mahesh et al. 2001). Although many 
imaging applications suffer degradation in diagnostic performance with increased 
levels of image noise, the diagnostic performance of high-contrast imaging ap- 
plications such as CTC may not be degraded by such a change in technique. This 
is because the depiction of high-contrast interfaces between the air-filled lumen 
and the colon wall are not as subject to degradation by increased noise as are 
low-contrast imaging problems such as detection of subtle metastases within the 
liver. 

The ability to image with thinner slices is one of the primary benefits of MDCT 
relative to SDCT. However, so long as image noise is held constant, radiation 
dose is necessarily increased to maintain photon flux as thinner sections are ac- 
quired. Although this applies to both SDCT and MDCT, a relative dose ineffi- 
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ciency is imparted with narrow-beam MDCT owing to the increased percentage 
of the x-ray beam that falls beyond the active detector rows (penumbra). Again, 
the tube current must be lowered, and an increased amount of image noise must 
be accepted when using thin-section MDCT. This practice is usually acceptable 
for high-contrast imaging applications such as CTC. In instances in which re- 
view of organs other than the colon is warranted, thicker sections may be gen- 
erated by postprocessing thin slices into thicker reformations on an image review 
workstation or reconstructing thicker sections from a thin-slice acquisition, ret- 
rospectively. The increased noise associated with acquisition of thin-data slices 
at MDCT will be offset, in part, by either technique. 

New innovations in radiation dose reduction continue to emerge that go be- 
yond focal spot tracking techniques intended to minimize wasted radiation from 
the penumbra. Taking advantage of differences in patient thickness as the tube 
rotates around the patient, several manufacturers have sought to modulate the 
x-ray tube current synergistically with changes in patient thickness. Such an ap- 
proach may result in substantial dose reduction benefits. As an extention of this 
technology, variations on patient thickness longitudinally may also be matched 
to alterations in x-ray beam intensity as the patient travels through the x-ray 
gantry. Together, these two beam modulation techniques synergistically reduce 
the radiation dose imparted to any given patient. 

With the rapid acceptance of four-channel MDCT scanners, system designers 
have recently extended this technology to higher numbers of data channels that 
are active with each rotation of the gantry, increasing the number of data slices 
that may be acquired simultaneously. Four-channel MDCT units that were de- 
signed with a matrix detector configuration have had a small advantage in ex- 
tending their standard design to permit acquisition of 8 and 16 data slices si- 
multaneously. Because matrix detectors have detector elements that are all of 
equal size, detector row groupings may be easily reconfigured so as to permit 
acquisition of a larger number of slices with each rotation of the gantry. Con- 
versely, four-channel MDCT systems that made use of an adaptive detector ar- 
ray in general required a redesign of the detector array to permit acquisition of 
a larger number of slices simultaneously, owing to the dissimilar size of the in- 
dividual cells in the array. However, the radiation dose efficiency of matrix de- 
tectors tends to be less than the dose efficiency of adaptive detector arrays, ow- 
ing to the attenuation of the x-ray beam by the numerous septae that divide the 
individual cells in the detector array. 

One added advantage of increasing the number of data slices acquired simul- 
taneously is an improvement in dose efficiency that results from a decrease in 
the amount of wasted radiation that falls beyond the active detector rows (penum- 
bra). This is because greater longitudinal coverage is achieved with each rota- 
tion of the x-ray tube, permitting fewer instances in which the penumbra falls 
beyond the active detector rows. Siemens Medical Systems (Iselin, NJ) has re- 
ported an increase in dose utilization from 70% with 4- X 1-mm MDCT to more 
than 85% with 16- X 1.5-mm MDCT attributable to this geometric benefit. 
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CTC: Radiation Dose 

Even before introduction of MDCT, radiation dose for CTC was a major con- 
cern. Investigators realized that trade-offs existed between resolution and radia- 
tion dose. Hara et al. (1997) first recognized that radiation dose with CTC may 
be reduced relative to conventional body CT examinations owing to the high- 
contrast imaging problem posed by detection of colonic polyps projecting into 
an air-filled lumen. These investigators showed that diagnostic performance was 
maintained despite a reduction in tube current from 140 mA to 70 mA with SDCT 
colonography, using 5-mm collimation and pitch of 1.3. The effective dose for 
combined supine and prone examinations was estimated to be 3.74 mGy for men 
and 5.70 mGy for women, approximately 50% lower than the radiation dose for 
a standard abdominal and pelvic CT scan, comparable to the radiation dose for 
a barium enema examination at their institution. 

Moreover, investigators recognized that spatial resolution may be improved 
with thinner collumination and lower pitch settings with SDCT colonography. 
However, commensurate increases in radiation dose with high-resolution imag- 
ing posed a significant limitation. Springer et al. (2000) showed that the multi- 
ple-scan average dose increased from 6.9 mGy for SDCT colonography per- 
formed with 5-mm collimation and pitch of 2 to 15.2 mGy for SDCT 
colonography performed with 1-mm collimation and pitch of 1. However, such 
estimates were predicated on the assumption that increases in image noise would 
not be tolerable with use of thin-slice SDCT techniques. The transition to MDCT 
colonography prompted investigators to reconsider this notion. 

Practically, two approaches have been advocated in design of protocols for 
CTC performed with MDCT. First, some investigators have sought to keep both 
image noise and radiation dose with MDCT colonography equivalent to that ob- 
served with SDCT colonography (Hara et al. 2001). By necessity, these investi- 
gators have chosen to use a slice thickness comparable to SDCT (5 mm) and a 
detector configuration that minimizes dose inefficiency (4X5 mm). When cou- 
pled with a beam pitch of 0.75 and a tube current of 50 mA, the effective dose 
is found to be nearly equivalent in MDCT and SDCT techniques (MDCT = 470 
mrem and SDCT = 440 mrem in men; MDCT = 670 mrem and SDCT = 670 
mrem in women). This protocol equivalency was determined with both in vivo 
and in vitro studies aimed at resolving 5-mm polyps while maintaining compa- 
rable levels of image noise for SDCT and MDCT (McCullough et al. 1999). 
However, such an approach does not take advantage of the inherent potential for 
improved resolution with MDCT as compared to SDCT. 

Conversely, Macari, Bini, Milano et al. (2001) further explored the potential 
to improve spatial resolution with MDCT colonography while limiting radiation 
dose. By lowering the tube current and accepting a higher level of image noise, 
they performed high-resolution MDCT colonography with 4- X 1-mm detector 
configuration, a beam pitch of 1.5 to 1.75, and a gantry rotation period of 500 
milliseconds. The tube current was limited to just 50 "effective" mAs. As such, 
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they administered an effective dose of only 5 to 8 mSv for combined prone and 
supine examination as compared to 6 to 8 mSv for barium enema examinations. 
Scans were performed on the Siemens VolumeZoom MDCT scanner (Siemens 
Medical Systems). This scanner typically specifies the tube current in terms of 
effective mAs, which must be understood when translating this technique to other 
manufacturers. The effective mAs is calculated by multiplying the true tube cur- 
rent by the gantry rotation period and dividing by the beam pitch. Thus, the true 
tube current in this study was 150 mA for beam pitch of 1.5 and 500-millisec- 
ond gantry rotation period (50 effective mAs = 150 true mA X 0.5 s/1.5). Trans- 
lating this technique to the GE MDCT scanner (Lightspeed QX/i, version 1.1), 
operating with 4- X 1.25 -mm detector configuration, HS mode (beam pitch = 
1.5), and 800-millisecond gantry rotation period, a true tube current of 100 mA 
corresponds to an effective mAs of 53 (53 effective mAs = 100 true mA X 0.8 
s/1.5). As such, the effective dose for prone and supine examinations with this 
technique is 7.6 mSv. Although image noise is increased with this technique, 
Macari and colleagues showed that diagnostic performance was not degraded by 
such levels of image noise, and the advantage of high-resolution imaging was 
evident in improved definition of small polyps, in particular in regions of colonic 
tortuosity. Translation of this low-dose, high-resolution protocol to the GE Light- 
speed CT scanner has proved similarly valuable as illustrated in Figure 9.1. 




Figure 9.1. Low-dose, high-resolution CTC performed with 4- X 1.25-mm detector con- 
figuration, beam pitch of 1.5 at 120 kv and 100 mA using an 800-ms gantry rotatior 
(Lightspeed QX/i, version 1.1). The effective mAs is 53 mAs with an estimated effective 
dose of 7.6 mSv for both prone and supine examination. (A) Transaxial source image. 
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Figure 9.1. (Continued) (B) Corresponding endoluminal view of 9-mm polyp within the 
sigmoid colon (arrow). (C) Transaxial source image. 

Continues on next page 
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Figure 9.1. (Continued) (D) Corresponding endolummal view of 3-mm polyp within the 
sigmoid colon (arrow). (E) Coronal reformation. 
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Figure 9.1. {Continued) (F) Corresponding endoluminal view of 3-mm polyp within the 
transverse colon (arrow). Both 2D MPR and 3D PVR images depict these polyps with 
great clarity despite increased levels of image noise that result from use of a reduced tube 
current. (G) Edge-enhanced extraluminal volume rendering, with increased transparency, 
permits visualization of arrows embedded in the 3D volume that indicate the position of 
these three polyps. Anatomic detail is well preserved despite relatively high levels of im- 
age noise. 
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Conclusion 

Although a variety of techniques are available for performing CTC, it is impor- 
tant to ensure that high levels of diagnostic accuracy are achieved without ex- 
posing patients to excessive radiation. Thin-section examination with either 
SDCT or MDCT should be accompanied by a limitation in x-ray tube current to 
keep radiation dose equivalent to or less than the dose imparted with an air- 
contrast barium enema. This necessarily requires an increase in image noise, 
which should be acceptable for detection of colonic polyps in an air-filled lu- 
men. At the same time, such levels of image noise may not be acceptable for de- 
tection of incidental or ancillary findings, which rely on low-contrast detectabil- 
ity, such as subtle lesions within the liver. Although increasing pitch will reduce 
dose with SDCT colonography, the same is not necessarily true for MDCT 
colonography. Most MDCT manufacturers automatically increase tube current to 
produce equal noise when pitch is increased (Mahesh et al. 2001). Radiation dose 
will be lowered only if this feature is manually overridden. As such, low-dose, 
high-resolution CTC requires diligence and concern on the part of both the tech- 
nologist and radiologist alike. 
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